BIOLEACHING OF E-WASTE: STRATEGIES FOR ENHANCED GOLD RECOVERY by GAYATHRI NATARAJAN
  
BIOLEACHING OF E-WASTE: STRATEGIES FOR 










NATIONAL UNIVERSITY OF SINGAPORE 
2014
  
BIOLEACHING OF E-WASTE: STRATEGIES FOR 
ENHANCED GOLD RECOVERY 
 
GAYATHRI NATARAJAN 
(B.Tech, Anna University, India) 
 
A THESIS SUBMITTED FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 
 
DEPARTMENT OF 
CHEMICAL AND BIOMOLECULAR ENGINEERING 






I hereby declare that this thesis is my original work and it has been written by me 
in its entirety. I have duly acknowledged all the sources of information which 
have been used in the thesis. This thesis has also not been submitted for any 









First and foremost, I would like to express my heartfelt thanks to my supervisor 
and thesis advisor, Associate Professor Yen-Peng Ting, for his valuable guidance, 
time, ideas, consistent and thoughtful advice, continuous encouragement and help 
during the course of PhD. His push for perfection and his efforts to make me feel 
as a part of the scientific community motivated me immensely. It was through my 
supervisor that I learnt to effectively articulate my ideas, write compelling 
abstracts for publications, write grant proposals and balance clarity & precision 
and to communicate my ideas without ambiguity. 
I would also like to thank my thesis committee members A/P Kun-Lin Yang and 
Dr David Leong, for their constructive criticisms and excellent advices to this 
research project. I could always count on them to help me see things from 
different perspective. In my work with engineered bacteria, I am particularly 
indebted to Dr Yew Wen Shan and his research group from Department of 
Biochemistry for his collaborative work in developing engineered strains and 
exploring new possibilities in enhancing bioleaching and patenting successful 
findings.  
I gratefully acknowledge the funding received towards my PhD through NUS 
research scholarship. I was lucky to have great senior labmates – Amit, Abhilasha 
and Ardiyan for their guidance, expertise, assistance in operating instruments 
during my initial stages, insightful discussion and career advices. A very big 
thank you  to my current labmates, Thulasya and Divya for your great company, 
iii 
 
fun, jovial talks and intellectual conversations during lab working hours and 
numerous evening coffee breaks. My special thanks to my lab postdoc, Dr Qiu for 
inspiring me through his hard work, dedication and commitment. I value the 
friendship of my junior labmates – Shruti, Subabrata Das and Magdalene and 
wonderful undergraduate students who I have mentored. I wish all my junior 
friends best of luck in completing your studies. I greatly look forward to having 
all of you as colleagues in the years ahead. 
 I greatly appreciate the support of my lab officer Ms Sylvia Wan in assistance 
with purchase of chemicals and equipment, booking of ICP-MS and constant 
reminders about safety procedures in the lab. Many people in NUS are genuinely 
nice starting from administrative staff, lab technicians, instrument operators, 
safety coordinators, operators of canteen stalls and I am glad to have interacted 
with many. 
My time at NUS was made enjoyable in large part due to my housemates Pooja, 
Nimmy and Narmada. I am grateful for time spent with them and my friends 
Ram, Purnima, Valavan and Binoy, Bharath and Ranga for our memorable trips 
into the mountains and beaches.  
This Phd study would not have been possible without the love of Abhinav, my 
best friend and fiancée who has been by my side throughout this PhD, living 
every single minute of it and enabling me to overcome difficulties during the 
course of this study.  
iv 
 
I finish with India, where my source of energy and enthusiasm reside – my 
family. My parents and brother have supported me unconditionally all these years 
and have cherished with me every great moment.  My parents have identified and 
built my core strengths, taught me to be respectful and follow my dreams and 
passion. Both have always expressed how proud they are of me and how much 
they love me. I too am proud of them and love them very much. My younger 
brother has been my first best friend, my fan and my biggest critic. He has filled 
my life with many happy and beautiful memories from my childhood till this day. 
Undertaking this PhD has been a truly life-changing experience for me. It has 
made me understand learning is a continuous process. It has transformed me from 
a playful girl to a professional and rational person and has taught me patience, 
perseverance and optimism. On a light note, I now realize that my day-to-day 
vocabulary is filled with words such as ‘control experiments’, ‘accuracy of data’, 
‘repeatability’ and ‘validation’. The impact of PhD studies has been profound 
enough to influence my decision making process, to question and look for proofs 
and evidences to support my beliefs, claims and decision in life. I dedicate this 




TABLE OF CONTENTS 
DECLARATION ....................................................................................... i 
ACKNOWLEDGEMENT ........................................................................ ii 
TABLE OF CONTENTS ......................................................................... v 
SUMMARY ............................................................................................. xi 
LIST OF TABLES ................................................................................. xiv 
LIST OF FIGURES ................................................................................ xv 
NOMENCLATURE ............................................................................ xviii 
CHAPTER 1: INTRODUCTION ................................................................... 1 
1.1 Background ............................................................................... 1 
1.2 Objectives and scope................................................................. 5 
1.3 Thesis organization ................................................................... 8 
CHAPTER 2: BACKGROUND AND SIGNIFICANCE .............................. 9 
2.1 Electronic scrap material (ESM) ............................................... 9 
2.1.1 Introduction .............................................................................. 9 
2.1.2 Benefits of gold recovery from ESM ..................................... 11 
2.1.3 Conventional methods of recycling and gold recovery from       
ESM ........................................................................................ 14 
2.2 Bioleaching ............................................................................. 17 
2.2.1 Definition................................................................................ 17 
2.2.2 Advantages and limitations of bioleaching ............................ 19 
2.3 Review of studies on bioleaching of electronic waste ............ 20 
2.3.1 Bioleaching of gold from e-waste .......................................... 23 
vi 
 
2.4 Cyanogenic microorganisms and cyanide producing 
mechanism .............................................................................................. 26 
2.4.1 Chromobacterium violaceum ................................................. 28 
2.4.2 Engineered Chromobacterium violaceum .............................. 30 
2.5 Factors influencing efficiency of gold bioleaching ................ 31 
2.5.1 Growth conditions .................................................................. 32 
2.5.1.1 Dissolved oxygen ........................................................... 32 
2.5.1.2 pH ................................................................................... 32 
2.5.1.3 Temperature .................................................................... 33 
2.5.1.4 Glycine ............................................................................ 33 
2.5.2 Electronic scrap material ........................................................ 34 
2.5.2.1 Composition .................................................................... 34 
2.5.2.2 Particle Size .................................................................... 35 
2.5.2.3 Pulp Density ................................................................... 35 
CHAPTER 3: MATERIALS AND METHODS .......................................... 37 
3.1 Materials ................................................................................. 37 
3.1.1 Electronic scrap ...................................................................... 37 
3.1.2 Bacteria ................................................................................... 37 
3.1.3 Mutant, antibiotics and induction chemicals .......................... 39 
3.1.4 LB media ................................................................................ 39 
3.2 Pretreatment of ESM............................................................... 39 
3.3 Acid digestion of ESM............................................................ 41 
3.4 Bacterial culture ...................................................................... 41 
vii 
 
3.4.1 Bacteria pre-culture ................................................................ 41 
3.4.2 Inoculation and addition of inducers ...................................... 41 
3.5 Cyanide monitoring and induction effects .............................. 42 
3.6 Mutation experiments ............................................................. 43 
3.7 Bioleaching experiments ......................................................... 43 
3.7.1 Shake flask bioleaching .......................................................... 43 
3.7.2 Two-step bioleaching ............................................................. 43 
3.7.3 Spent medium leaching .......................................................... 44 
3.7.4 Bioleaching in bioreactor ....................................................... 44 
3.7.5 Procedure and optimization of bioreactor runs ...................... 47 
3.8 Analytical methods ................................................................. 48 
3.8.1 Analysis of metal concentration using ICP-MS ..................... 48 
3.8.2 pH measurement ..................................................................... 49 
3.8.3 Free cyanide analysis.............................................................. 49 
3.8.4 Optical density and plate count method ................................. 49 
3.8.5 Scanning Electron Microscopy (SEM)................................... 50 
3.8.6 Transmission Electron Microscopy (TEM) / Energy Dispersive 
X-ray analysis (EDX) ............................................................. 51 
3.8.7 Toxicity Characteristic Leaching Procedure test .................... 51 
3.9 Statistical method and software .............................................. 52 
3.9.1 Central composite design ....................................................... 52 
3.9.2 Software for data analysis and optimization .......................... 54 
3.10 Experimental errors ................................................................. 54 
viii 
 
CHAPTER 4: PRETREATMENT OF ESM AND MUTATION OF 
ALKALI-TOLERANT CYANOGENIC BACTERIA .................................... 56 
4.1 Introduction ............................................................................. 56 
4.2 Characterization of ESM......................................................... 57 
4.2.1 ESM elemental composition .................................................. 57 
4.2.2 ESM morphology ................................................................... 59 
4.2.3 Toxicity Characteristic Leaching Procedure (TCLP) test ...... 60 
4.3 Two-step bioleaching of untreated and pretreated ESM with 
wild strain................................................................................ 62 
4.3.1 Free cyanide concentration profile ......................................... 62 
4.3.2 Gold and copper bioleaching profiles .................................... 65 
4.4 Growth of wild and mutated strains of C. violaceum ............. 70 
4.5 Two-step bioleaching of gold with pretreated ESM with 
mutated C. violaceum.............................................................. 71 
4.6 Summary ................................................................................. 73 
CHAPTER 5: COMPARISON OF TWO-STEP BIOLEACHING AND 
SPENT MEDIUM LEACHING AND ENHANCED RECOVERY WITH PH 
MODIFICATION OF SPENT MEDIUM ........................................................ 75 
5.1 Introduction ............................................................................. 75 
5.2 pH profile ................................................................................ 77 
5.3 Comparison of gold and copper recovery in two-step 
bioleaching and spent medium leaching ................................. 79 
5.4 Investigation of reasons for enhanced spent medium leaching 
performance ............................................................................ 83 
5.5 Gold recovery with alkaline spent medium ............................ 85 
5.6 Implications of this study ........................................................ 88 
ix 
 
5.7 Summary ................................................................................. 88 
CHAPTER 6: BIOLEACHING WITH GENETICALLY ENGINEERED 
STRAINS  ................................................................................................. 90 
6.1 Introduction ............................................................................. 90 
6.2 Growth of wild and engineered strains ................................... 91 
6.3 Cyanide production and induction effects .............................. 93 
6.4 Decoupling cyanide production from quorum control............ 95 
6.5 Two-step bioleaching of pretreated ESM with wild and 
engineered strains.................................................................... 97 
6.5.1 Free cyanide concentration profile ......................................... 98 
6.5.2 Gold and copper recovery with engineered strains .............. 101 
6.6 Summary ............................................................................... 107 
CHAPTER 7: SCALE-UP AND OPTIMIZATION OF GOLD 
RECOVERY WITH pBAD IN BIOREACTOR USING CENTRAL 
COMPOSITE DESIGN .................................................................................... 109 
7.1 Introduction ........................................................................... 109 
7.1.1 Response surface methodology (RSM) ................................ 109 
7.1.2 Experimental design by Central Composite Design (CCD) . 111 
7.1.3 Evaluation of DOE data and optimization ........................... 120 
7.2 Bacteria concentration model ............................................... 124 
7.3 Cyanide production model .................................................... 130 
7.4 Gold recovery model............................................................. 137 
7.5 Optimization of gold recovery in two-step bioleaching and 
spent medium leaching ......................................................... 145 
7.6 Strengths and limitations of the CCD model ........................ 147 
x 
 
7.7 Summary ............................................................................... 148 
CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS ............ 150 
8.1 Conclusion ............................................................................ 150 
8.2 Recommendations ................................................................. 154 
REFERENCES .................................................................................................. 158 
PUBLICATIONS .............................................................................................. 165 
APPENDIX ........................................................................................................ 167 
A.1 Calculation of elemental metal compositions of ESM .................. 167 
A.2 Calculation of metal Recovery ...................................................... 168 
A.3 Toxicity Characteristic Leaching Procedure (TCLP) test .............. 169 











Raid improvements in technology as well as the short life span of electronic 
equipment have led to a drastic increase in the generation of electronic scrap 
material (ESM). The appropriate handling of ESM can avert serious 
environmental damage and also allow for the recovery valuable materials as it is 
proven to be a secondary source of precious metals such as gold.  Compared with 
the gold content in natural gold ores which is around 0.5 to 13.5 grams gold per 
ton (Korte et al. 2000), the gold content in ESM is significantly higher at around 
10 to 10000 grams gold per ton (Cui & Zhang, 2008), making it an attractive and 
cheaper alternative source of gold. As such, there is growing interest in adopting 
bioleaching to recover metals as it is an eco-friendly and sustainable approach, 
close to natural biogeochemical cycles, thus reducing the demand for natural 
resources such as ores, energy and landfill space. In this thesis, gold bioleaching 
and recovery from ESM was examined using Chromobacterium violaceum, a 
bacterium known to produce and detoxify cyanide which is one of the few 
lixiviants capable of leaching gold. 
The main objective of this study are:  (1) To characterize important properties of 
ESM and to examine the bioleaching potential of C. violaceum from ESM in 
shake flask; (2) To perform bioleaching under alkaline conditions to maximize the 
availability of cyanide ions (CN-) to form gold-cyanide complex from ESM;  (3) 
To demonstrate the use of lixiviant metabolic engineering for enhancing gold 
bioleaching with engineered C. violaceum carrying an additional cyanide 
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producing operon; and (4) To perform scale-up and optimization studies in a 
bioreactor system.  
Three approaches were adopted to increase the concentration of cyanide ions for 
gold-cyanide complexation in shake flask cultures. As pretreatment of ESM 
removed copper and other metals which compete with gold for cyanide-complex 
formation, pretreated ESM was used in all three approaches. In the first approach, 
mutations were induced in wild C. violaceum to enable growth and cyanide 
production under alkaline pH (as the pKa of HCN is 9.3) which facilitated the 
formation of gold- cyanide ion complex, and which yielded a maximum gold 
recovery of 22.5% at 0.5% w/v pulp density. In the second approach, the 
performance of spent medium leaching was examined where cell-free metabolite 
was used for bioleaching, giving a recovery of 18% (at 0.5% w/v pulp density) 
with the wild strain. Gold recovery was increased to 30% by adding base to the 
spent media. In the third approach, HCN production was increased by using 
engineered strains of C. violaceum (pBAD and pTAC) with an extra copy of 
cyanide producing operon for bioleaching. The pBAD strain produced the highest 
cyanide concentration, and achieved the highest gold recovery of 30% followed 
by pTAC with 24.6% at 0.5% w/v pulp density. All three approaches significantly 
enhanced gold recovery from ESM compared to 11.3% recovery by the wild type 
bacteria at 0.5% w/v pulp density in shake flask experiments. 
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Finally, the gold bioleaching process was scaled-up (from 100 ml to 1 L working 
volume) in a bioreactor and gold recovery from ESM was enhanced for the pBAD 
strain (the most effective strain selected from shake flask) through collective 
optimization of significant factors affecting bioleaching (i.e. pulp density of ESM, 
dissolved oxygen (DO), pH and glycine concentration) using statistical design of 
experiments in the bioreactor. Empirical models for bacterial growth, metabolite 
production and metal recovery were developed from data collected from batch 
bioreactor runs. The results from the optimization study showed that of the four 
factors examined, pulp density and pH were more important than DO and glycine 
for gold recovery. The highest gold recovery obtained under optimized conditions 
(obtained by maximization of the empirical model) in the bioreactor was 36.5% in 
two-step bioleaching and 39.6% in spent medium leaching, compared to 11.3% in 
shake flask experiments. This study is the first demonstration of use of engineered 
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CHAPTER 1: INTRODUCTION 
1.1 Background 
Bacteria play a vital role in leaching metals from rocks, ores and metal bearing 
wastes. Their mining methods are not offensive to the environment as most other 
pyrometallurgical and hydrometallurgical techniques, which may use explosives, 
toxic chemicals and high temperatures (Moffat, 1994). Biomining, a method of 
using microorganisms to extract minerals and metals from ores has a long and 
interesting history. The first miners to exploit microbes, albeit unknowingly, were 
probably the Romans who worked the Rio Tinto copper mine in Spain 2,000 years 
ago. It was noticed that the fluid running off the mine tailings was blue, an 
indication that it contained copper salts, from which the valuable metal was 
recovered. However, not until few decades ago did it become clear that the copper 
in the fluid was in fact the action of a bacterium named Thiobacillus ferrooxidans 
(renamed as Acidithiobacillus ferroxidans (Kelly & Wood, 2000)). The tiny miner 
has proved to be a blessing for the copper mining industry, which has been left 
with the low-grade ores. Greater amounts of these low grade ores are required to 
be crushed, milled and concentrated to achieve the same grade of concentrate for 
smelting. At. ferrooxidans, however, can attack the low grade insoluble sulphides 
containing minerals (copper, lead, zinc, nickel) and convert them to soluble 
mineral sulphates (using bacterial regenerated ferric ion as the oxidant) at reduced 
operating costs. Such a benefit has seen biomining grow apace as a viable 
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alternative to mainstream mineral refinement with 25% of the world's present 
copper production, worth more than $1 billion annually being biomined (LeVine, 
2006).  
With growing importance, biomining has progressed to recovery of precious 
metals from secondary ores and industrial wastes. Work on recovering gold, 
silver, and platinum from ores and low-grade tailings is moving ahead in South 
Africa, Canada, and the United States among other places. With increasing gold 
demand and depleting high grade natural ores, it is imperative to discover more 
alternative sources of gold. Precious metals can be recovered not in just what 
miners dig up, but in what they discard. Many industries such as photographic and 
electronics firms, jewelry makers, mining companies, and foundries discard about 
100 million dollars worth of gold, silver, and other metals into waste streams each 
year. In addition to precious metal recovery, toxic heavy metals such as lead, 
cadmium and mercury need to be removed for pollution control and 
environmental protection from metal containing solid wastes such as electronic 
waste, fly ash, battery waste and spent catalyst. These microbes are cheaper to use 
than conventional techniques, making the biorecovery process a clean, 
economical and less energy intensive one (Cui & Zhang, 2008; Krebs et al. 1997). 
Biomining is expected to grow as a viable alternative for metal extraction as 
global pressure mounts for consumers and suppliers to be more environmentally 
responsible.  
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Electrical and electronic waste (e-waste) is the fastest growing waste stream in the 
world due to increased consumption of electronic devices (such as mobile phones, 
computers and televisions) and their shorter life span. Globally, the United 
Nations Environment Programme (UNEP) estimates that up to 50 million tons of 
e-waste is generated every year, with only 10% being recycled (UNEP, 2013). 
When the millions of computers, mobiles and television become obsolete, they 
leave behind lead, cadmium, mercury, selenium and halogenated compounds. 
Primitive metal recovery methods like open burning, which are often used by the 
informal sector in developing countries to recover valuable materials, have 
serious deleterious impact on human health and the environment. The major 
economic incentive on recycling of e-waste comes from the recovery of 
commercially valuable metals present in the waste. One tonne of electronic scrap 
from PCs, for example, contains more gold than that recovered from 17 tonnes of 
gold ore and 40 times more concentrated copper than that found in copper ore 
(USGS, 2001). Recycling of electronic scrap materials (ESM) thus assumes 
greater importance to reduce environmental damage caused due to toxic metals 
(such as lead and cadmium) present in ESM as well as recover precious metals. 
Furthermore, there is a pressing need to discover more alternative sources of gold 
due to depleting natural resources and worldwide increase in the demand for gold. 
Biomining comprises of biooxidation and bioleaching. In biooxidation, the 
microbes selectively dissolve undesired mineral matrix from the solid matrix, 
Chapter 1                                                                       Introduction 
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leaving the metal values of interest enriched in the solid phase to be recovered by 
other processes. The resulting supernatant is thereafter discarded. Bioleaching on 
the other hand refers to the abilities of microorganisms such as bacteria and fungi 
to convert insoluble solid minerals into soluble form, which can be extracted 
(Krebs et al. 1997; Rawlings, 2002). Here the metal of interest is recovered in the 
solution. Bioleaching enables the recycling of metals by a process close to natural 
biogeochemical cycles of waste materials, thus reducing the demand for natural 
resources such as ores, energy and landfill space (Krebs et al. 1997). Brandl 
showed that the use of cyanogenic microorganisms to mobilize metals occurs 
under alkaline conditions, in contrast to other bacteria from acidophilic group 
mainly used so far in bioleaching of heavy metals from solid (Brandl et al. 2008). 
In the present study, Chromobacterium violaceum, which produces hydrogen 
cyanide (HCN), a secondary metabolite, was used for bioleaching of gold and 
copper from e-waste.  Cyanide production by C. violaceum typically occurs for a 
short period at the early stationary phase, forming cyanide ion (CN-) and 
hydrocyanic acid (HCN). Towards the late stationary and death phase, C. 
violaceum detoxifies cyanide by converting it to β-cyanoalanine (Kita et al. 2006) 
making it an environmentally friendly and clean process. Moreover, cyanide for 
gold bioleaching may be generated in-situ at the e-waste or gold ore processing 
site making biological cyanide desirable over chemical cyanide.  
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1.2 Objectives and scope 
Despite the many advantages of bioleaching, this approach suffers from 
limitations because of the long leaching times as cyanide is produced in smaller 
quantities and the risk of toxicity to the microorganism when high metal 
concentrations are reached (at high pulp densities) during leaching process, which 
further affects the production of lixiviants by the microorganisms. Moreover at 
physiological pH, cyanide is present mainly as hydrogen cyanide (pKa=9.3). In 
order to maximize gold recovery, bioleaching should be carried out under alkaline 
condition where the availability of cyanide ions (CN-) is at the maximum. The 
challenge for such a reaction is to sustain bacterial growth and to effect 
bioleaching in an alkaline medium.  
In an effort to overcome the limited cyanogenic ability of the wild strain, two 
metabolically engineered strains of C. violaceum (pBAD hcn induced by L-
Arabinose) and (pTAC hcn induced by IPTG) with an additional copy of cyanide 
producing operon were used to produce higher cyanide concentration (and thereby 
higher gold recovery). The effects of mutation of bacteria and spent medium 
leaching to perform bioleaching under alkaline conditions were also examined.  
The specific objectives of this project are 
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1. To characterize important properties of ESM and to examine the 
bioleaching potential of C. violaceum from ESM in shake flask. This 
includes 
 To characterize important properties of ESM used in bioleaching such as 
elemental composition, surface morphology, toxicity characteristic 
leaching procedure (TCLP) analysis; 
 To monitor the growth and cyanide production of the wild strain of C. 
violaceum; 
 To investigate gold and copper bioleaching efficiency of the wild strain of 
C. violaceum under one-step bioleaching, two-step bioleaching and spent 
medium leaching conditions; and 
 To study the effects of pretreatment and pulp densities on bioleaching. 
 
2. To perform bioleaching under alkaline conditions to maximize the 
availability of cyanide ions (CN-) to complex with gold from ESM. This 
includes 
 To mutate the bacteria to grow under alkaline conditions and compare the 
gold bioleaching efficiency of unadapted and mutated strains; and 
 To decouple growth/cyanide production and bioleaching by spent medium 
and increase its pH prior to bioleaching to improve gold recovery. 
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3. To demonstrate the use of lixiviant metabolic engineering for enhancing 
gold bioleaching with engineered C. violaceum carrying additional 
cyanide producing operon. This includes 
 To enhance cyanide production by metabolically engineered strains; 
 To examine if cyanide production has been decoupled from quorum 
control; and 
 To compare gold bioleaching performances of wild and engineered strains 
at different pulp densities. 
 
4. To perform scale-up and optimization studies using a bioreactor. This 
includes 
 To design experiments for bioreactor runs using central composite design 
(CCD) for co-optimization of four important factors (glycine, pulp 
density, pH and dissolved oxygen) affecting cyanide production and metal 
yield with the most effective strain (i.e. the strain showing highest cyanide 
- producing ability and tolerance to toxic metal concentration) from shake 
flask bioleaching experiments; and 
 To develop empirical models describing the experimental results and to 
study the interaction between different factors and to determine the most 
significant factor affecting bioleaching. 
 
Chapter 1                                                                       Introduction 
8 
 
1.3 Thesis organization 
Chapter 2 provides an extensive background, and reviews the traditional methods 
of recycling of electronic scrap, recovery of precious metals from e-waste, gold 
bioleaching, and factors affecting bioleaching and application of C. violaceum in 
gold bioleaching. The materials and methodologies used to conduct the 
experiments are described in Chapter 3. Chapter 4 examines the effect of 
pretreatment of ESM, pulp density of ESM, and mutation of bacteria (to enable 
growth of bacteria under alkaline conditions) on gold and copper biorecovery. 
Chapter 5 compares metal recovery obtained in two-step bioleaching and spent 
medium leaching conditions at various pulp densities and the effect of pH 
modification of the spent media on metal solubilisation and recovery. Chapter 6 
presents the results of enhanced gold recovery obtained with higher concentration 
of cyanide produced by metabolic engineered strains, pBAD and pTAC. Chapter 
7 presents findings on scale-up and optimization studies in bioreactor. Studies on 
the interaction between various bioleaching factors affecting gold recovery and 
co-optimization of process inputs (by central composite design and empirical 
models) to enhance cyanide production and metal recovery are also discussed in 
this chapter. The last chapter, Chapter 8, summarizes the major findings and 
proposes recommendations for future research work.  
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CHAPTER 2: BACKGROUND AND SIGNIFICANCE 
2.1 Electronic scrap material (ESM) 
2.1.1 Introduction 
When electrical and electronic equipment are disposed, they become electronic 
waste which is also known as e-waste or electronic scrap material (ESM). 
Generally ESM is made up of complex mix of metals (comprising precious and 
base metals-40%), plastics (30%) and refractory oxides (30%) (Sum, 1991). 
Precious metals include silver, gold while base metals comprise aluminum, 
copper, nickel, iron etc. Metal composition of ESM varies with age, origin and 
manufacturer. Thus there is not a typical ESM composition that can represent all 
ESM (Cui & Zhang, 2008). A sample distribution of metals reported in the 
literature is shown in Figure 2.1 (Sum, 1991; Gramatyka et al. 2007). 
Figure 2.1: Characteristic material composition of WEEE 
(Gramatyka et al. 2007)  
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In 2009, the United Nations Environment Program (UNEP) estimated the global 
electrical and electronic waste generated to be around 40 million tons annually 
(not including the proportions that were not reported via official channels) 
(UNEP, 2009). The same report projected that by 2020, the waste stream would 
double in OECD countries and surge up to 500% from 2007 levels in developing 
nations. Electronic waste shows a higher growth rate than any other category of 
municipal waste (Greenpeace, 2005). E-waste is growing at such an alarming rate 
due to increased consumption of electronic devices as well as the shorter life span 
of mobile phones, computers, televisions etc. For instance, the lifespan of central 
processing units in computers dropped from 4–6 years in 1997 to 2 years in 2005 
(Ramesh Babu et al. 2007). Mobile phones have a life span of less than 2 years in 
developed countries (Greenpeace, 2005). According to EPA, in USA, less than 
20% of electronic appliances was recycled and the remaining was discarded in 
landfills or incinerators (ETBC, 2014). In recent years potential environmental 
issues associated with electronic waste disposal have been increasingly 
recognized  as consumption of electronic devices become more prevalent, 
resulting in greater amounts of electronic waste to be handled and disposed 
(Gramatyka et al. 2007). Manufacturing mobile phones and personal computers 
consumes 3 per cent of the gold and silver, 13 per cent of the palladium and 15 
per cent of cobalt mined worldwide each year (UNEP, 2009). In other words, the 
production of electric and electronic devices is a very resource-intensive activity 
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and metals are being depleted continuously to meet the growing demand to 
manufacture electronic goods.  
2.1.2 Benefits of gold recovery from ESM 
When the millions of computers and mobiles purchased around the world every 
year become obsolete, they leave behind lead, cadmium, mercury and other 
hazardous wastes. To reduce electronic waste disposal, countries have drafted  
regulations on the reuse and recycling of e-waste (Gramatyka et al. 2007). This 
can help to reduce the amount of electronic waste piling up in the landfills 
worldwide, reduce the volume of hazardous waste disposal and also 
environmental damage caused by such methods of disposal. More importantly, the 
main economic driving force for recycling of electronic scrap is recovery of 
precious metals such as gold, silver and platinum. The recovery of the base metals 
like copper, aluminum and iron is also of interest because of huge quantities 
involved in the fabrication of electronics (Sum, 1991). 
Among the metals found in ESM, gold has the highest economic value. As of 
April 2014, the gold price stands at around 43000 USD per kilogram (WGC, 
2014b) while that of copper is 7 USD per kilogram (Prices, 2014). Currently, gold 
demand is at 4000 tonnes (WGC, 2014a) and is worth US$ 172 bn  and is 
expected to grow steadily (Erüst et al. 2013; WGC, 2011). Considering the 
depletion rate of high concentration gold ores and the high demand and value of 
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gold, gold recovery has become a high priority in the recycling of ESM. Figure 
2.2 shows gold prices in USD over the last decade. 
  
Electrical and electronic equipment constitute the largest contribution in the 
industrial demand for gold which is about 350-400 tons annually (Corti & 
Holliday, 2004). Gold is widely used in electrical and electronic products because 
of its numerous unique properties such as excellent corrosion and oxidation 
resistance, high electrical conductivity and low electrical resistivity. It is 
commonly used as coatings on electrical connectors and contacts, printed circuit 
boards and semiconductors (Goodman, 2002). Compared with the gold content in 
natural gold ores which is around 0.5 to 13.5 grams gold per ton (Korte et al. 
Figure 2.2: Market price of gold in the past decade (2003-13) 
(WGC, 2014b) 
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2000), the gold content in ESM is significantly higher at around 10 to 10000 
grams gold per ton (Cui & Zhang, 2008), making it an attractive and cheaper 
alternative source of gold compared to natural ores.  
Currently, the main source of gold in industries and other sectors comes from gold 
mining, which has been associated with many environmental problems. For 
example, mining operations often leave behind degraded and often abandoned 
land which leads to the formation of mining lakes (Korte et al. 2000). The modern 
gold industry uses cyanide almost exclusively as the leaching agent for gold as  
cyanide complexes are more stable and effective and does not require additional 
aggressive chemicals to effect gold recovery. Cyanide leaching is usually done 
along with a physical process like milling, crushing, or gravity separation. The pH 
of the resulting slurry is raised to 10-11 by adding lime or another alkali to ensure 
that cyanide ions do not change into toxic cyanide gas (HCN). The gold is then 
further concentrated and reduced, before being smelted into gold bullion. The 
workers are exposed to hazards during the receiving, unloading, handling and 
storage of solid sodium cyanide briquettes. The greatest environmental threat 
from cyanide is to aquatic life from intentional or unintentional discharges into 
surface waters and ponds. Besides that, gold mining often leaves behind residual 
metal tailings that contain harmful metals like lead and cadmium and when 
leached into ground, can cause groundwater pollution. To produce 1 ton of gold, 
CO2 emissions of up to 17,000 tons are generated (UNEP, 2009). Other precious 
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resources such as land, water, fossil fuels, energy and chemicals are used to 
extract gold from mines. With increasing gold demand and depleting natural ores, 
there is an imperative need to discover more alternative sources of gold, such as 
recycled ESM. 
2.1.3 Conventional methods of recycling and gold recovery from ESM 
As mentioned in the previous section, there are numerous benefits to be derived 
from recycling and recovery of valuable metals from ESM. Electronic waste 
recycling can primarily be divided into 3 main steps, consisting of disassembly, 
upgrading and refining (Cui & Zhang, 2008). During selective disassembly, 
hazardous or valuable components are separated for special treatment. This is an 
essential step in the electronic waste recycling process. The upgrading step 
involves mechanical processing to increase desirable metals content and hence, 
prepares materials for the refining process. Lastly, in the refining stage, metal 
extraction takes place either through pyrometallurgical and hydrometallurgical 
processing where impurities are removed. Purification and pretreatment such as 
precipitation are then carried out to convert the metal solution to solid state (Cui 
& Zhang, 2008). 
In Singapore, 97% of ferrous metals and 84% of non-ferrous metals contained in 
electrical and electronic appliances were recycled in 2013 (NEA, 2014). 
Recycling of ferrous metals and non-ferrous metals increased by 10% and 
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decreased by 1% respectively since 2001. In addition, non-recyclable electronic 
wastes are disposed of in Singapore’s Semakau Landfill. In 2012, 60% of 
Singapore’s solid waste was recycled, with the remaining 37% incinerated and 
3% landfilled directly (ZeroWasteSG, 2013). The resulting incineration ash was 
also disposed of in the landfill. Hence, in order for land-scarce Singapore to cope 
with the growing demand for waste disposal, waste minimization and recycling 
are the key strategies to increase the lifespan of Semakau Landfill. 
Pyrometallurgical processing includes incineration, smelting in blast furnaces, 
drossing, sintering, melting and gas phase reactions at high temperatures. Cui and 
Zhang (2008) have discussed typical pyrometallurgical methods used for the 
recovery of metals from electronic waste. At elevated temperatures, metal 
compounds become relatively unstable, hence facilitating the release of metals. 
This method is commonly used to recover non-ferrous metals such as copper and 
precious metals such as silver from electronic waste in the past two decade (Cui & 
Zhang, 2008; Zhou, 2007). Limitations to pyrometallurgical methods include the 
formation of toxic dioxins from the presence of halogenated flame retardants in 
the smelter feed, limited separation of metals that needs further 
hydrometallurgical or electrochemical processing and requirement of high grade 
feed and high energy costs  (Cui & Zhang, 2008; Dalrymple et al. 2007; 
Hageluken, 2006). 
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Hydrometallurgical methods involve the use of aqueous chemistry and chemical 
properties of materials to extract metals from electronic scrap. The solutions 
containing the metals of interest are then subjected to separation procedures such 
as solvent extraction, precipitation, cementation, ion exchange, filtration and 
distillation to isolate and concentrate the metals of interest. This method, while 
cheaper (e.g. lower power consumption and recycling of chemical agents)  is 
usually not efficient in that precious metals encapsulated within the ceramic part 
will not be recovered by acid leaching (Sum, 1991). Various reagents have been 
used in the chemical leaching of base and precious metals from electronic scrap. 
Extensive research has been reported on the recovery of both precious metals such 
as gold, silver, platinum and base metals such as copper, nickel, lead and zinc  
(Cui & Zhang, 2008; Faramarzi & Brandl, 2006; Knowles, 1976) from electronic 
scrap. 
Gold from electronic scrap can be leached using many leaching agents like 
cyanide, aqua regia, thiourea and thiosulphate (Kulandaisamy et al. 2003; Syed, 
2011) achieving 90-99% gold recovery. Cyanide binds with gold to form a stable 
dicyanoaurate ion. However, from an environmental point of view, gold 
cyanidation is neither practical nor sustainable as it requires the use of high 
concentration of cyanide which is toxic. As cyanide is known to react with many 
elements, cyanide chemical leaching also produces hazardous cyanide 
compounds, many of which are soluble in water. This poses serious health and 
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environmental hazard (Hilson & Monhemius, 2006; Korte et al. 2000). Although 
thiourea has high complexing ability and is less toxic than cyanide, its 
commercial application in leaching precious metals is hindered for several 
reasons. These include:  high reagent consumption (because it is readily oxidized 
in solution), poor stability of thiourea, higher cost of thiourea compared to 
cyanide, need for development in gold recovery steps and the suspected 
carcinogenicity of thiourea (La Brooy et al. 1994; Prasad et al. 1991). The 
principal problem with thiosulfate leaching despite potential environmental 
benefits is the high consumption of reagent during dissolution of gold (Aylmore 
& Muir, 2001) making it uneconomical, and the generally slow process.  
Zipperian  et al. (1988) reported a loss of up to 50% of thiosulfate in ammoniacal 
thiosulfate solutions containing copper catalyst. The traditional medium for 
dissolving gold is aqua regia (Sheng & Etsell, 2007). However it suffers serious 
disadvantages such as the requirement for special stainless steel and rubber-lined 
equipment in order to resist the highly corrosive acidic and oxidizing conditions 
and  health risks by chlorine gas (Hilson & Monhemius, 2006). 
2.2 Bioleaching   
2.2.1 Definition 
Biomining is an increasingly applied biotechnological approach involving the use 
of micro-organisms to recover precious and base metals from mineral ores and 
concentrates. Traditional mining techniques are incapable of economically 
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extracting metals from ores which have been worked and are lean. In biomining, 
microorganisms act as biocatalysts in extracting metals from metal-laden sources 
and can be used to exploit secondary sources (Brandl et al. 2008). Biomining 
mainly consists of biooxidation and bioleaching. In biooxidation, the microbes 
selectively dissolve undesired mineral matrix from the solid matrix, leaving the 
metal values of interest enriched in the solid phase to be recovered by other 
processes. The resulting supernatant is thereafter discarded. Bioleaching, on the 
other hand, refers to the abilities of microorganisms such as bacteria and fungi to 
convert insoluble solid minerals into soluble form, which can be extracted (Krebs 
et al. 1997; Rawlings, 2002). Here the metal of interest is recovered in the 
solution. Microorganisms can leach metals through 3 main principles, namely (i) 
redox reactions, (ii) formation of organic or inorganic acids and (iii) excretion of 
complexing agents (Krebs et al. 1997).  
Bioleaching has emerged as an economical and simple technology for leaching of 
metals such copper, gold, silver, uranium etc. from their respective ores and has 
increased the possibility of extracting metals from natural ores and industrial 
residues not recoverable by conventional methods (Krebs et al. 1997). To meet 
the growing demand for metals, industrial wastes such fly ash, electronic scrap, 
and spent catalysts have also been considered for metal recovery. Indeed, with 
increasing pressure for industry to adopt environmentally friendly and sustainable 
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processes, more attention has been focused on bioleaching as a clean and green 
technology for metal extraction. 
2.2.2 Advantages and limitations of bioleaching 
Bioleaching is gaining popularity as it is considered as a clean technology with 
simple operation, lower energy demand and environmental impact and  lower 
operating cost as compared to conventional methods such as pyrometallurgical 
and hydrometallurgical treatments (Bosecker, 1997b; Cui & Zhang, 2008; Krebs 
et al. 1997). Furthermore, bioleaching increases the possibility of extracting 
metals from natural ores and industrial residues which cannot be done by 
conventional methods (Krebs et al. 1997). The release of CO2 and toxic chemicals 
are much lower in bioleaching compared to conventional processes. Bioleaching 
can be carried in-situ at desired locations (solid waste processing site or ores) 
making biological lixiviant production desirable over chemical leaching agents. 
Bioleaching enables the recycling of metals by a process close to natural 
biogeochemical cycles of waste materials thus reducing the demand for natural 
resources such as ores, energy and landfill space (Krebs et al. 1997).  
Most bioleaching studies have focused on two types of microorganisms, namely 
mesophilic bacteria and thermophilic archaea. Mesophilic bacteria are commonly 
used in bioleaching as ambient operating temperatures are suitable, while large 
amounts of energy must be supplied to systems using thermophilic archaea to 
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provide a higher temperature for optimum growth. Examples of mesophilic 
bacteria include Chromobacterium violaceum, Acidithiobacillus ferrooxidans, 
Acidithiobacillus thiooxidans, Bacillus megaterium and Pseudomonas 
aeruginosa. Examples of thermophilic archaea include Acidianus spp. and 
Sulfolobus spp.  
Despite these numerous advantages of bioleaching, the main disadvantages are 
long leaching times required to recover the same amount of metals and poor metal 
recovery as compared to chemical leaching since lixiviants are produced in 
smaller amounts by bacteria. Further, there is also a risk of toxicity to the 
bioleaching microorganisms which will affect the production of lixiviants when 
operated at high pulp densities of metal containing solid waste. This would render 
the bioleaching process less effective and economically unattractive. 
2.3 Review of studies on bioleaching of electronic waste   
Table 2.1 summarizes studies on bioleaching of electronic waste by different 
microorganisms. 
Table 2.1: Bioleaching of electronic waste by bacteria and fungi 




Aspergillus niger and 
Penicillium simplicissimum 
Cu, Zn, Ni, Al and Sn Brandl et al. 2001 




Thiobacillus thiooxidans and 
Thiobacillus ferrooxidans  
Cu, Pb and Zn Wang et al. 2009 
Mixed culture: 
Thiobacillus thiooxidans and 
Thiobacillus ferrooxidans  





heterotrophy (local isolate) 
Ni, Cu, Al and Zn Ilyas et al. 2007 
Mixed culture: 
Acidithiobacillus sp. 
Gallionella sp. and 
Leptospirillum sp. 
Cu Xiang et al. 2010; Yang et al. 
2009 
Acidithiobacillus ferrooxidans Cu Choi et al. 2005b 
Cyanogenic microorganisms: 
Pseudomonas fluorescens and 
Chromobacterium violaceum 
Au Faramarzi et al. 2004 
Brandl et al. 2008 
Chi et al. 2011 
Pham & Ting, 2009 
Pseudomonas aeruginosa, 
Pseudomonas fluorescens and 
Chromobacterium violaceum 
and their mixed culture 
Au, Ag, Cu, Zn and Fe Pradhan & Kumar, 2012 
 
One of the earliest study on the bioleaching of electronic waste material was 
reported by Brandl et al in 2001 who demonstrated that microbiological processes 
can be applied to mobilize metals from electronic waste materials by using mixed 
culture of bacteria A. thioxidans and A. ferroxidans and individual fungal strains 
Aspergillus niger and Pencillium simplicissimum to mobilize copper, zinc, nickel, 
aluminium and tin from electronic scrap at 10g/l pulp density (Brandl et al. 2001). 
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The formation of inorganic and organic acids caused mobilization of metals. The 
study found that growth of organisms in the presence of electronic scrap was 
poor, and proposed a two-step process where microbial growth was decoupled 
from the bioleaching; toxicity of electronic scrap on growth of microorganisms 
was significantly reduced, and higher concentrations of waste may be treated. 
Wang et al reported that a mixed culture of A. ferrooxidans and A. thiooxidans 
performed better in bioleaching of copper, lead and zinc than a pure culture of A. 
ferroxidans, which in turn showed better bioleaching than a pure culture of A. 
thiooxidans (Wang et al. 2009). However, the synergistic effect in mixed bacterial 
leaching which led to increased bioleaching efficiency was not discussed. Liang et 
al ((2010)  adopted a new strategy of multiple addition of the electronic scrap (4 
g/l at 48 hours, 6 g/l at 96 hours, 8 g/l at 144 hours) using mixed culture of A. 
thioxidans and A. ferrooxidans to operate at higher pulp densities. The bacteria 
were able to tolerate higher toxic scrap concentrations of up to 18 g/L and the 
bioleaching efficiencies obtained using this strategy were similar to the study by  
Brandl et al. (2010) which used a lower pulp density of 10 g/L. 
Ilyas et al. (2007) demonstrated that a mixed culture of Sulfobacilus 
thermosulfidooxidans (a moderately thermophilic microorganism) and an 
unidentified acidophilic heterotroph (isolated from local environment) leached 
more than 80% of base metals such as Ni, Cu, Al and Zn from electronic waste.  
This work also showed enhanced leaching by pre-adaptation of the 
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microorganisms and the removal of potentially toxic non-metallic components by 
using high density saturated NaCl solution in the electronic scrap washing step 
(As the potentially toxic components, i.e. plastics and organic compounds, have 
lower specific gravity than the metallic components, the high density solution was 
used to separate these components in the washing step). Xiang et al. (2010) and 
Yang et al. (2009) leached 95% copper from printed circuit board using bacterial 
consortium (Acidithiobacillus sp.Gallionella sp. and Leptospirillum sp) enriched 
from natural acid mine drainage. The influence of initial pH, initial Fe2+ 
concentration in the bioleaching solution and precipitate formation were discussed 
and optimum values for maximum recovery were determined. Choi et al. (2005b) 
demonstrated that addition of complexing agent (citric acid) to the bioleaching 
solution of A.ferroxidans recovered the copper precipitated during bioleaching. 
The solubility of leached copper metal ions increased from 37 wt% to 80 wt% 
upon addition of citric acid. However the chemistry behind the process of 
complexing agent addition was not elaborated. 
2.3.1 Bioleaching of gold from e-waste 
Cyanide is one of the few chemicals that can dissolve gold, a relatively inert 
element. The reaction between gold and cyanide known as gold cyanidation is 
summarized in the following Elsner’s equation: 
4Au + 8CN- + O2 + 2H20 → 4Au(CN)2- + 4OH-                                     (2.1) 
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Although it is known that many cyanogenic bacteria, e.g C. violaceum, P. 
fluorescens, P.aeruginosa, B. megaterium are capable of producing hydrogen 
cyanide (Knowles & Bunch, 1986), it was Faramarzi et al. (2004) who 
demonstrated for the first time that cyanogenic microorganisms form water-
soluble metal complexes with metal-containing solids such as printed circuit 
board scrap. 
Cyanogenic microorganisms mobilize metals under alkaline conditions in contrast 
to acidophilic bacteria which have so far been used in bioleaching of heavy metals 
from solid waste (Brandl et al. 2008). Further, it was also shown that copper 
present in electronic scrap competes with gold for the free cyanide ion produced. 
A recent work by Pradhan and Kumar examined metal mobilization by 
cyanogenic bacteria and showed that mixed culture of C. violaceum and P. 
aeruginosa had better ability to leach precious metals such as gold and silver and 
base metals such as iron, copper and zinc compared with the individual strains 
(Pradhan & Kumar, 2012). Faramarzi (Faramarzi et al. 2004) obtained a 
maximum gold dissolution of 14.9% from shredded pieces of printed circuit board 
by C. violaceum in one-step bioleaching (where electronic scrap is added directly 
to the bacterial growth medium). A direct comparison of gold recoveries from 
leaching studies in the literature is difficult since the metal composition of ESM is 
heterogeneous and varies with age, origin, manufacturer and acid digestion 
protocols used by different researchers. Moreover other factors such as growth 
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medium, bioleaching period and composition of toxic metals/ non-metallic 
elements in ESM also affect cyanide production and gold recovery. 
Microbial oxidation using iron- and sulphur-oxidizing bacteria for gold 
beneficiation (process where  extracted ore from mining is separated into mineral 
and gangue) from refractory gold ores (as a pretreatment step to dissolve the 
sulphide matrix embedding gold) prior to hydrometallurgical processes for gold 
recovery has been extensively implemented in commercial processes worldwide 
(Bosecker, 1997a; Brierley & Brierley, 2001; Campbell et al. 2001; Iglesias & 
Carranza, 1994; Lindström et al. 1992; Olson, 1994; Rawlings et al. 2003).  In an 
e-waste bioleaching study, the use of bio-oxidation as pretreatment removed 
about 80% of the copper, thereby increasing the gold/copper ratio and resulting in 
enhanced gold bioleaching by C. violaceum (Pham & Ting, 2009).  
As mentioned in Section 2.1.2, compared with the gold content in natural gold 
ores which is around 0.5 to 13.5 grams gold per ton (Korte et al. 2000), the gold 
content in ESM is significantly higher at around 10 to 10000 grams gold per ton 
(Cui & Zhang, 2008), making it an attractive and cheaper alternative source of 
gold compared to natural ores. The net revenue of gold recovery from ores (after 
subtraction of mining and processing costs at 20$ per tonne of gold ore (Wang et 
al. 2012)) is estimated at 52$ per tonne of ores (assuming 75% chemical cyanide 
recovery in ores containing 2 grams of gold/tonne) compared to net revenue of 
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gold recovery from electronic scrap (after subtraction of collection and processing 
costs at 1860$ per tonne of electronic waste (Cook, 2011)) at 540$ per tonne of 
electronic scrap (assuming 50% recovery from bioleaching in electronic scrap 
containing 100 grams of gold/tonne).  
Indeed, bioleaching of metals from electronic scrap may find potential industrial 
application only if the extraction efficiencies of the metals are improved by 
increased production of lixiviants. In addition to poor metal recovery, slower 
leaching kinetics (compared to chemical leaching as lixiviants are produced in 
smaller quantities) and the inability of cells to tolerate toxic concentrations at 
higher pulp densities pose significant impediments to the development of this 
technology.  
2.4 Cyanogenic microorganisms and cyanide producing mechanism 
Bacteria such as Bacillus megaterium, C. violaceum, P. aeruginosa, P. fluroscens, 
Pseudomonas plecoglossicida and fungi like Clitocybe species, Marasmius 
oreades and Polysporus species are microorganisms identified as cyanogenic 
microorganism that have the ability to produce cyanide (Brandl et al. 2008; 
Faramarzi et al. 2004; Kita et al. 2006; Knowles, 1976; Knowles & Bunch, 1986; 
Olson, 1994; Pham & Ting, 2009).These are known as cyanogenic 
microorganisms. It is believed that the production of cyanide gives the living 
organism an added advantage by inhibiting the growth of other microorganisms 
(Blumer & Haas, 2000). 
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In this project, cyanogenic bacteria C. violaceum is examined for its cyanide-
producing ability and the use of cyanide lixiviant in gold extraction. In 
cyanogenic bacteria, cyanide is a secondary metabolite as it is not directly 
involved in the normal growth, development and reproduction of the 
microorganism. Production of cyanide occurs during a short period of 
microorganism’s growth phase and in the presence of glycine, a precursor 
molecule (Knowles, 1976). For C. violaceum, cyanide production peaks at the 
onset of the stationary phase (Lawson et al. 1999a). 
In the cyanide producing mechanism of cyanogenic bacteria, cyanide is produced 
by oxidative decarboxylation of glycine, a reaction which is catalysed by the 
enzyme hydrogen cyanide (HCN) synthase in C. violaceum (Knowles & Bunch, 
1986). This enzyme is encoded by the hcnABC operon cluster (Laville et al. 
1998).  
There is numerous literature reporting on the different intermediates formed 
during the conversion of glycine to cyanide. In one of the widely reported 
mechanism by Wissing, (1974) and Knowles et al. (1986), glycine is first 
oxidized to iminoacetic acid and cyanoformic acid. This is then followed by a 
dehydrogenase reaction which produces hydrogen cyanide and carbon dioxide by 
splitting the C-C bond (Knowles & Bunch, 1986). Figure 2.3 summarizes the 
cyanide producing mechanism. 





2.4.1 Chromobacterium violaceum 
The cyanogenic bacteria being studied in this research is C. violaceum, which 
belongs to the genus Chromobacterium. It is a mesophilic, motile, Gram-negative 
and a facultative anaerobe (Kita et al. 2005). It is rod shaped and often appears as 
small rods or coccobacilli that are 0.6-0.9 µm by 1.5-3 µm in size. This bacterium 
is mesophilic and grows in the temperature range of 15 to 40º C with an optimum 
in the range 30 to 35o C. The optimum pH range for its growth is from 7 to 8 
(Lawson et al. 1999a). The motility of the bacterium is attained by the use of a 
single polar flagellum and up to four structurally distinct lateral flagellae. In the 
presence of tryptophan, C. violaceum produces violacein, a violet pigment known 
for its antibiotic properties (Lawson et al. 1999a). Figure 2.4 shows C. violaceum 

















Glycine Iminoacetic acid Cyanoformic acid 
Figure 2.3: Cyanide production mechanism in cyanogenic bacteria 




Another important characteristic of C. violaceum is its ability to produce 
extracellular cyanide in the form of hydrogen cyanide. Hydrogen cyanide is 
formed as a secondary metabolite, and is known for its toxicity as it binds 
irreversibly with ferric constituents of cytochromes and inhibits oxidation, thereby 
disrupting electron transport and causing fatal damage to internal organs. The 
process of oxidative decarboxylation converts the precursor glycine to cyanide 
(Faramarzi et al. 2004). For C. violaceum, cyanide production typically occurs for 
short period at the early stationary phase and can exist as free cyanide in solution 
which includes the form of cyanide ion (CN-) and hydrocyanic acid (HCN). At 
physiological pH, cyanide is mainly present as hydrogen cyanide due to its pKa 
value of 9.3. Towards the late stationary and death phase, C. violaceum is able to 
detoxify itself of the cyanide by the bacteria producing an enzyme, β- 
Figure 2.4: Chromobacterium violaceum 
Chapter 2                                            Background and Significance 
30 
 
cyanoalanine synthase which degrades cyanide into β- cyanoalanine (Kita et al. 
2006; Rodgers & Knowles, 1978). The following equation shows cyanide 
degradation by β- cyanoalanine synthase. 
CN- + cysteine → β- cyanoalanine + H2S                                     (2.2) 
Application of C. violaceum in gold bioleaching studies exploiting its cyanide 
producing ability has been discussed in detail in section 2.3.1. 
2.4.2 Engineered Chromobacterium violaceum 
In this project, besides the wild strain, the bioleaching ability of two engineered 
strains of C. violaceum was studied. These engineered strains were produced by 
the Department of Biochemistry, Faculty of Science at National University of 
Singapore. 
A hcnABC operon which regulates cyanide production is extracted from the 
genome of wild strain C. violaceum and cloned into a vector, pUC- mini-Tn7T-
gm, to enable integration of the hcnABC operon into the genome of another 
sample of C. violaceum. Exogenous inducible promoters pBAD and pTac were 
cloned upstream of the hcnABC operon. The pBAD and pTac promoters were 
PCR amplified from pBAD33 and pET15b vectors, respectively. After PCR 
amplification, the respective promoters were cloned upstream of the hcnABC 
operon into pUC18-mini-Tn7T-Gm vectors. This sample was co-transformed by 
the pUC-18 vector and a helper plasmid using electroporation and the additional 
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hcnABC operon is incorporated into the genome at the 3’ region of the glmS gene. 
The engineered strain now carries two sets of cyanide producing genes as 
compared to one in the naturally occurring wild strain. Two versions of 
engineered strains were produced, each requiring a specific inducer, L-(+)- 
Arabinose and isopropyl β-D-1 thiogalactopyranoside (IPTG). The inducer binds 
an upstream regulatory element of the promoter causing an activation and 
subsequent binding to the promoter sequence. As a result, other elements required 
for transcription will bind to the promoter including the polymerase, hence 
initiating transcription of the gene. The two engineered strains are named as C. 
violaceum pBAD hcnABC and C. violaceum pTAC hcnABC respectively. This 
site-specific genomic integration of an inducible cyanogenic operon was 
performed using Tn7-mediated transposition was developed by Schweizer and co-
workers (Choi et al. 2005a).  
2.5  Factors influencing efficiency of gold bioleaching 
The bioleaching efficiency depends heavily on the microorganisms and the 
characteristics of the ESM to be leached. The maximum yield of metal leached 
can be attained only when the leaching conditions correspond to the optimum 
conditions for bacterial growth and cyanide production and metal solubility. 
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2.5.1 Growth conditions 
Bacterial growth is dependent on many factors such as pH, dissolved oxygen level 
and temperature. In bioleaching, the production of lixiviants by the bacteria is also 
dependent on similar factors. 
2.5.1.1 Dissolved oxygen 
Dissolved oxygen is needed for the optimal growth of C. violaceum/production of 
lixiviants as well as in gold cyanidation as seen from Elsner’s equation (Section 
2.3.1 Equation 2.1). According to a study by Kita et al. (2006), it has been found 
that on increasing the dissolved oxygen concentration by aeration led to a four-
fold increase in gold bioleaching from gold powder using C. violaceum.  
2.5.1.2  pH 
Hydrogen cyanide has a pKa value of about 9.3 and the cyanide concentration 
remaining in the solution is highly dependent on pH (Haque, 1992). The 
equilibrium of aqueous and gaseous cyanide is described as follows 
H+ + CN- ↔ HCN                                                                          (2.3) 
The solution/ionic form of cyanide needed for gold complex formation (see 
Elsner’s equation in section 2.3.1) is favoured by a high pH which drives the 
equilibrium to the left. At a low pH where there is a high concentration of 
hydrogen ions, the equilibrium shifts to the right to form more gaseous hydrogen 
cyanide which is volatile and has a low solubility in water. Industrial gold 
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leaching operations are maintained at alkaline pH greater than 10 so as to prevent 
volatilization and loss of cyanide and also for safety reasons to prevent escape of 
toxic HCN gas. At physiological pH of C. violaceum which is around 7-8, cyanide 
may be lost via volatilization. However, the optimum growth of the bacteria and 
peak cyanide production occur at this initial pH range (Lawson et al. 1999a). 
Besides bacterial growth and cyanide production, pH also affects the chemical 
reactions between substances in solutions such as stability of resulting complexes 
formed and thus affecting gold cyanidation rates. 
2.5.1.3  Temperature 
Temperature has a significant effect on bacterial growth, enzyme- catalyzed 
reactions and the secondary and tertiary folding of proteins. Each bacteria type 
has a narrow range of temperature that is optimal for growth. Beyond a certain 
temperature, death of bacteria sets in as vital enzymes are denatured and lose their 
functions. Besides bacterial growth, temperature also affects cyanide production 
rate, volatilization and loss of cyanide, gold cyanidation rate and the equilibrium 
of the cyanide metal complexes formed, all of which affect the gold bioleaching 
efficiency. 
2.5.1.4  Glycine 
Glycine is the precursor to cyanide. Thus, the concentration of glycine in the 
bacterial cultures affects bacterial cyanide production. According to literature, 
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when glycine (8 to 10 g/l) was added to cultures of C. violaceum, cyanide 
concentrations of up to 200 ppm were observed (Faramarzi et al. 2004). The same 
work also shows that when glycine addition was increased (>10 g/l), cell growth 
was observed to be inhibited. The time of addition of glycine is equally important 
as the concentration of glycine added; when glycine addition is delayed till the 
start of the stationary phase, higher cyanide production was attained whereas early 
glycine addition resulted in bacterial growth inhibition (Campbell et al. 2001). 
2.5.2 Electronic scrap material 
The ESM used in bioleaching has a significant impact on gold bioleaching 
because different composition, sizes and pulp densities of ESM affect the rate of 
reaction between the metals and bacterial cyanide.   
2.5.2.1  Composition 
ESM is a complex mix of base metals, precious metals, plastics, halogens and 
ceramics. Precious metals include silver, gold while base metals comprise 
aluminum, copper, nickel and iron. It also contains toxic metals such as lead and 
cadmium. Metal composition of ESM is heterogeneous and varies with age, origin 
and manufacturer. Heterogeneity was observed among different sources of printed 
circuit board material (Cui & Zhang, 2008; Ilyas et al. 2007; Liang et al. 2010; 
Pant et al. 2011; Tuncuk et al. 2012; Xiang et al. 2010). Thus there is not a typical 
ESM composition that can represent all ESM (Greenpeace, 2005). Highly toxic 
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metal composition inhibits microbial growth and thus decreases the bioleaching 
rate and efficiency. 
2.5.2.2  Particle Size 
Since a smaller particle size of ESM results in a larger specific surface area (per 
unit mass), more metals would be exposed on the surface area to react with the 
cyanide produced by the bacteria. Thus for a constant total mass of ESM, smaller 
particles would be expected to yield a higher metal recovery. However, previous 
reports have suggested a threshold particle size optimum for metal bio leaching in 
pyrite and spent refinery catalyst (Nemati et al. 2000; Santhiya & Ting, 2005). 
The reduction of particle size below a critical level could increase the extent of 
the particle-particle collision and impose severe attrition on the cells which in turn 
can affect the production of lixiviants. 
2.5.2.3  Pulp Density 
A higher concentration of the solid waste results in higher solid to liquid ratio. 
Although this increases the concentration of precious metals in the leaching 
environment, the toxicity resulting from the high concentration of the leached 
metals may inhibit the growth of the microorganisms and the production of 
lixiviants ((Bosecker, 1997b). Thus, ESM must be added to the pure bacterial 
culture only after it has reached significant cell density and maximum cyanide 
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production to reduce the effect of toxic metals on bacterial growth and cyanide 
production. 
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CHAPTER 3: MATERIALS AND METHODS 
3.1 Materials 
3.1.1 Electronic scrap 
The electronic scrap material used in this study was supplied by Cimelia Resource 
Recovery Private Limited, Singapore. The grey dust-like ESM was obtained after 
shredding and other mechanical separation processes during the recycling of 
electronic scrap (mainly printed circuit board). The ESM was stored in plastic 
bottles and kept in a dry cabinet at ambient temperature. ESM of particle size 
smaller than 100 μm was used in this study which is shown in figure 3.1 below. 
3.1.2 Bacteria  
Freeze dried Chromobacterium violaceum (ATCC- 12472) was purchased from 
American Type Culture Collection.  
 
Figure 3.1: Original ESM 
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Two engineered strains of C. violaceum were produced and obtained from the 
Department of Biochemistry, Faculty of Science, National University of 
Singapore (NUS). Protocol for the production of the genetically engineered 
strains has been described in section 2.4.2. All the three strains were activated in 
LB media. All stock bacterial cultures were stored in a deep freezer at -800C, 
supplemented with 30% glycerol. A brief description of the three bacterial strains 
used in this study is shown is Table 3.1: 
Table 3.1: Wild and engineered C. violaceum used in this study 
 
Name of the strain Description of the strain 
Wild Wild Type C. violaceum 
pBAD hcn 
C. violaceum with an additional copy of cyanide operon 
(hcnABC) inserted. This strain requires L-(+) arabinose as an 
inducer to induce the expression of additional gene. 
pTAC hcn 
C. violaceum with an additional copy of cyanide operon 
(hcnABC) inserted. This strain requires Isopropyl   β-D-1 
thiogalactopyranoside (IPTG) inducer to induce the expression 
of additional gene. 
Figure 3.2: Chromobacterium violaceum 
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3.1.3 Mutant, antibiotics and induction chemicals 
100 mM of N-Nitroso-N-ethyl urea (ENU) (Sigma) was used as mutagen for 
mutation experiments to enable the bacterial growth at pH 9, 9.5 and 10 as the 
selection pressure. Gentamycin sulphate antibiotic (10 mg/ml) was bought from 
PAN Biotech. L-(+)- Arabinose (99%) was purchased from Alfa Aesar and was 
dissolved and diluted in deionised water to give a concentration of 0.002% w/v as 
a predetermined value suitable for induction. Isopropyl β- D-1 
thiogalactopyranoside (IPTG) was purchased from Alfa Aesar. A stock solution of 
concentration 100 mM was prepared and further diluted in deionised water to a 
concentration of 1 mM as a predetermined value suitable for induction. 
3.1.4 LB media 
Luria-Bertani broth (LB), Miller was purchased from Difco and 25 g was 
dissolved in one liter of deionised water and the mixture was then thoroughly 
shaken and autoclaved at 1210 C for 20 minutes. 
3.2 Pretreatment of ESM 
Nitric acid was used to remove copper from the ESM (via solubilisation) because 
its abundance exerted a significant interference to the cyanide-gold ion complex 
formation. Preferential copper dissolution over gold may be attributed to two 
reasons. 
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 1. High concentration of copper ties up the cyanide that would otherwise be 
available for forming complex with the gold (International-cyanide-management-
code). 
 2. Gold is more noble (E0 Au3+/Au : 1:52 V) than copper (E
0 
Cu2+/Cu : 0.34 V) (Chi et 
al. 2011). 
193 ml of 69% concentrated nitric acid (Honeywell, 15.55M) was diluted using 
307 ml of deionised water to form a 6M nitric acid solution for acid pre-treatment 
of ESM. 10g of ESM (45-75 μm) was added to 30ml of 6M nitric acid in a 250ml 
Erlenmeyer flask at room temperature (Mecucci & Scott, 2002) and the mixture 
was shaken for two hours.  ESM was added incrementally to the nitric acid to 
prevent excessive frothing due to production of nitric oxide gas. The mixture was 
centrifuged (5000 rpm for 10 minutes) and 5 ml of the supernatant was extracted 
for metal analysis using an Inductively Coupled Plasma – Mass Spectrometer 
(Agilent 7500a ICP-MS). The remaining supernatant was discarded and the 
residue was washed with copious amount of deionised water and re-centrifuged. 
The cycle was repeated until traces of blue-green copper nitrate were no longer 
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3.3 Acid digestion of ESM 
The ESM samples were digested following the protocol of Yamane et al. (2011). 
Samples (1.000±0.005g) were added in 250 ml Erlenmeyer flasks and digested 
with 40 ml of aqua regia. The mixture was left to stand for 24 hours before 
centrifugation (5000 rpm, 15 minutes) and the supernatant was kept at 40 C. The 
residue was dried and weighed to determine the mass of the metal solubilised. 
Metal concentrations of acid digested samples were analyzed using an ICP-MS. 
Calculations to obtaining metal content in the acid digested ESM are shown in 
Appendix A.1. 
3.4 Bacterial culture 
3.4.1 Bacteria pre-culture 
All bacterial stock was kept in a deep freezer at -800 C, supplemented with 30% 
glycerol. Prior to each bioleaching experiment, a pre-culture was prepared the day 
before so as to activate the bacteria before inoculation. A small amount of frozen 
bacteria was scraped from the bacterial stock and added to 5 ml of LB medium in 
a 50 ml Falcon tube. The tubes were then kept in a 300 C incubator at 170 rpm for 
24 hours to obtain activated cultures. 
3.4.2 Inoculation and addition of inducers 
For all three bacterial strains, an inoculum size of 1% v/v containing 1016 colony 
forming units per ml was used; 1 ml of bacteria pre-culture from exponential 
phase (containing 1016 CFU/ml) was inoculated into 100 ml of LB medium in 250 
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ml Erlenmeyer flasks. For the two engineered strains, pBAD and pTAC, 150 µl of 
Gentamycin sulphate antibiotics of stock concentration 10 mg/ml was added 
during inoculation to give a final working concentration of 15µg/ml. The 
antibiotics were added to the cultures of the two engineered strains to prevent 
contamination from the wild strain (since only the engineered strains with 
antibiotic resistant gene can grow and survive). 
The bacteria were cultured in incubator at 300 C at 170 rpm till mid-log phase was 
reached at which point the  inducers were added to the two engineered strains. For 
the engineered strains, respective inducers (0.0002%, 0.002%, 0.02% and 0.2% 
w/v  L-(+)-Arabinose for pBAD; 0.01 mM, 0.05 mM, 0.1 mM, 0.5 mM and 1 mM 
IPTG for pTAC strains, respectively) were added to the cultures during mid-log 
phase for induction (12 and 16 hours after inoculation for pBAD and pTAC 
respectively) of additional hcnABC operon placed under the control of a 
promoter. All bacterial cultures were then incubated at 300 C at 170 rpm for 8 
days. 
3.5 Cyanide monitoring and induction effects 
Free cyanide analysis was carried out to monitor cyanide production by the three 
strains as well as to ensure that the two engineered strains are inducted. Bacterial 
cultures for all three strains, i.e. the wild strain, pBAD strain with Arabinose 
inducer, pTAC strain with IPTG inducer were prepared according to the 
procedure outlined in the previous section. To compare the induction effects, 
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additional cultures of the two engineered strains without addition of inducers were 
prepared so as to determine the effects of induction on cyanide production. 
Samples were then taken every two hours and cyanide concentrations were 
measured. 
3.6 Mutation experiments 
Wild C. violaceum was exposed to 100 mM of the mutagen, N-Nitroso-N-ethyl 
urea (ENU) at pH 9, 9.5 and 10 as the selection pressure. The mutations 
introduced were random and genome wide and may result in a higher chance of 
targeting the part of the genome that controls pH and growth, although random 
changes detrimental to other cellular activities may be introduced. However, this 
method allows the selection of cells capable of growth in alkaline media. 
3.7 Bioleaching experiments 
3.7.1 Shake flask bioleaching 
Bioleaching of ESM was carried out in 250 ml Erlenmeyer flasks with 100 ml of 
LB medium at four pulp densities: 0.5%, 1%, 2% and 4% w/v. 
3.7.2 Two-step bioleaching 
As the name suggests, bioleaching consists of two steps. In the first step, bacteria 
were initially cultured in LB medium in the absence of ESM. In the second step, 
sterilized ESM was added to the bacterial cultures when the cultures have attained 
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a significant cell density and bacterial cyanide production has reached its peak 
(during early stationary phase).  
3.7.3 Spent medium leaching 
In spent medium bioleaching, bacterial cell-free metabolites (extracted after 
centrifuging and filtering the cells) were used for leaching. The approach was 
similar two step leaching except that the cells were separated from the culture 
after the bacteria had attained peak cyanide production and sterilized ESM was 
added to the spent media containing only metabolites including cyanide. 
The cultures were kept in a 300 C incubator at 170 rpm, over eight days after the 
addition of ESM. Samples were taken daily and centrifuged (10000 rpm for 15 
minutes) before the supernatant was extracted and filtered. The filtered samples 
were stored at 40 C before analysis for the following: free cyanide concentration, 
and pH and metal concentration, in particular copper and gold concentrations. 
3.7.4 Bioleaching in bioreactor 
Equipment 
Scale up and optimization studies were carried out in a Sartorius bioreactor 
(Model: BIOSTAT® Aplus). From the shake flask experiments, it was concluded 
that the pBAD strain showed the highest gold recovery among the three strains. 
Thus all bioreactor runs were conducted on this strain in LB media. In addition, 
spent medium bioleaching was carried out to compare the bioleaching 
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performance with two-step bioleaching using the pBAD strain at optimized values 
of glycine, pH, pulp density and dissolved oxygen. 
The bioreactor (Model: BIOSTAT® Aplus) (Figure 3.3 a) has a working volume 
of 2 L and head space of 1 L. Temperature within the bioreactor was measured 
using a Hamilton temperature probe and was controlled by a heating mat wrapped 
around the reactor and cooling finger within the reactor. A condenser on top of 
the bioreactor prevented water loss via evaporation by cooling gas exhaust using 
cooling water. Dissolved oxygen (DO) levels and pH was monitored in situ using 
a Hamilton DO and pH probe respectively. Air was supplied by an air pump and 
filter-sterilized (by passing it through a sterile 0.2 µm PTFE filter) into the reactor 
through a ring-sparger. Flow rate of air was controlled manually using a rotameter 
and by automatic control of stirrer speed according to set DO concentration. 
MicroDCU MFCS/DA (Multi Fermenter Control System – Data Acquisition) 
software was used for data monitoring, control and process data acquisition. 
Figure 3.3 b shows the digital monitoring and control unit display of the 
bioreactor. 





Figure 3.3: a) Bioreactor with Digital control Unit during bioleaching run b) Digital 
monitoring and control display of bioreactor. 
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3.7.5 Procedure and optimization of bioreactor runs 
The medium used for bioleaching in the bioreactor was prepared the same way as 
that in the shake flask experiments. Prior to each run, the bioreactor, together with 
LB media and reagents was autoclaved at 121oC for 20 minutes and was cooled to 
ambient temperature before inoculation.  
Bioleaching was performed in the bioreactor with 1 L volume of media at five 
levels (-2,-1, 0, 1, 2) for four factors (pulp density, dissolved oxygen, pH and 
glycine) which are summarized in Table 3.2 following two-step bioleaching 
procedure.  Samples were taken daily over 8 days for the following analysis (i) 
Bacterial count (CFU/ml), (ii) Cyanide concentration, (iii) Gold and copper 
concentration and (iv) pH. 
Table 3.2: Factors and levels used in optimization study 
Parameter/Factor  -2 -1 0 1 2 
Pulp density (%w/v)  0.5 1 1.5 2 2.5 
Dissolved oxygen (%)  10 20 30 40 50 
pH  6 7 8 9 10 
Glycine (g/L)  6 8 10 12 14 
 
The reasons for the selection of the experimental ranges for design of experiments 
are discussed in section 7.1.2. The optimization process involves three major 
steps: Performing the statistically-designed experiments, obtaining the 
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coefficients in a mathematical model and predicting the response, and validating 
the adequacy of the model. 
3.8 Analytical methods 
3.8.1 Analysis of metal concentration using ICP-MS 
Metal concentrations of acid digestion and bioleached samples were analyzed 
using an ICP-MS (Agilent, 7500a ICP-MS). The calibration and sample 
preparation procedure for ICP-MS is given below.  
Calibration 
The ICP-MS was calibrated with freshly prepared standards before each analysis. 
Metal (except gold) calibration standards (0.5, 1, 5, 10 ppm) were prepared using 
an ICP multi-element standard IV (Merck) of 1000 mg/l by diluting with 10% 
w/w hydrochloric acid. Gold calibration standards (0.0001, 0.0005, 0.001, 0.005, 
0.01, 0.05, 0.1, 0.5, 1 ppm) were prepared using Fluka Gold Standards for ICP 
(1000 mg/l ± 2 mg/l) by diluting with 10% w/w hydrochloric acid. Copper 
calibration standards (0.5, 1, 5, 10 ppm) were prepared using Fluka Copper 
Standards for ICP of 1000 mg/l by diluting with 10% w/w hydrochloric acid. 
Since 10% w/w hydrochloric acid was used to dilute the samples and to prepare 
the calibration standards, it was used as the blank (0 ppm) sample in the 
calibration procedure. 
 




Stored samples were diluted using 10% w/w hydrochloric acid to metal 
concentrations of up to 10 ppm which is the maximum allowable concentration 
that is suitable for analysis. Multiple dilutions of 10x, 100x and 1000x were 
performed and analyzed using ICP-MS, depending on the expected metal 
concentrations in the samples. Calculations for obtaining metal recovery is shown 
in Appendix A.2.  
3.8.2 pH measurement 
The pH of all samples was measured using Sartorius PB-10 pH meter. Three point 
calibrations (pH 4, 7 and 10) were conducted before each measurement. 
3.8.3 Free cyanide analysis 
Free cyanide present in the sample was measured using a Thermoscientific Orion 
cyanide electrode connected to an Ion Selective electrode (ISE) meter. A six point 
calibration (0, 0.5, 1, 5, 10, 25 ppm) was done weekly.  Where the expected 
cyanide concentrations exceed 25 ppm, dilutions were done accordingly. 
3.8.4 Optical density and plate count method 
Optical densities of bacterial cultures were measured using an UV-VIS 
spectrometer (Shimadzu Biospec-mini) at 600 nm wavelength (with a 10 mm 
cuvette). The turbidity of the culture indirectly reflects the concentration of 
bacteria present in the culture.  After the addition of ESM into the bacterial 
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culture, optical density of the samples would not be an accurate reflection of 
bacteria concentration present, and the plate count method was used to determine 
the concentration of bacteria. 15g/L of Technical Agar Powder (Difco) was added 
into the LB-Miller broth and the mixture was well stirred before autoclaving at 
1210 C for 20 minutes. The warm mixture was then poured into Petri dishes and 
then left to cool down until the agar hardened. The bacteria cultures were serially 
diluted in 2ml eppendorf tubes and 20μl was spread onto the agar plate. The plates 
were placed back in an incubator at 30°C for 1 to 2 days until colonies became 
visible. Results were based on plates with between 30-300 CFUs (colony forming 
units) and the CFU/ml was calculated based on the dilution used. 
3.8.5 Scanning Electron Microscopy (SEM) 
Scanning Electron Microscopy (SEM) analysis was used to observe the 
morphology of ESM before and after pretreatment. Dried ESM samples were 
loaded onto copper specimen stubs using carbon tape and coated with 10μm 
platinum particles using an auto fine coater (JEOL JFC-1300) under vacuum at 
40mA for 60 seconds.  The stubs were stored and organized in the stub holder 
before the SEM (JEOL JSM-5600LV) analysis at magnifications of 100x, 500x, 
1000x and 5000x.  
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3.8.6 Transmission Electron Microscopy (TEM) / Energy Dispersive X-ray 
analysis (EDX) 
Two micro liters of bacterial sample obtained after centrifugation and separation 
of ESM was applied on to the grid. The grid was washed with 2% 
phosphotungstic acid used as the negative stain and air dried before examination 
in a TEM. Bacteria with biosorbed/bioaccumulated metals were further subjected 
to energy dispersive X-ray microanalysis using an EDX (Oxford INCA software) 
attached to TEM (JOEL JEM-2100F). (The surface elemental compositions 
results obtained from the EDX were mainly used qualitatively as the accuracy 
decreases when elements are present in low concentrations and close peaks may 
overlap and not be differentiated). 
3.8.7 Toxicity Characteristic Leaching Procedure test 
The toxicity of ESM was characterized by the Toxicity Characteristic Leaching 
Procedure (TCLP) test conducted according to US EPA SW-846 Method 1311 
(Appendix A.3). The TCLP test characterizes the hazardous nature of solid wastes 
by simulating the leaching conditions that would occur in a landfill. The metal 
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3.9 Statistical method and software 
3.9.1 Central composite design 
Response Surface Methodology (RSM) is useful for the modeling and analysis of 
programs in which a response of interest is influenced by several variables and the 
objective is to optimize this response. In this study, RSM approach was adopted 
in order to locate the optimum combination and level of four factors (pulp density 
of ESM, dissolved oxygen, pH and glycine concentration) in the bioleaching of 
ESM in a bioreactor to maximize metal recovery. The optimized combination of 
these factors may also provide an insight into possible interactions among these 
factors during bioleaching by C. violaceum. The most widely used experimental 
design in RSM is Central Composite Design (CCD) (Crolla & Kennedy, 2001). 
CCD contains an imbedded factorial or fractional factorial design with center 
points that are augmented with a group of star points that allow estimation of 
curvature. The CCD for this study consists of: 
1. Two level full factorial design (the core) - 24=16 (i.e 4 factors) 
2. Axial points (outside the core) - 2*4=8 at (±α, 0, 0, 0), (0, ±α, 0, 0), (0, 0, ±α, 
0), (0, 0, 0, ±α) where α is the distance of axial point from the center point 
3. Center points – 6. Center points are usually repeated to get an estimate of 
experimental error (pure error). 
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The choice of α establishes the rotatability of a central composite design. Since 
the distance of the axial points from the center point in a full factorial is given by 
α= (2n)1/4 (for 4 factors n=4, α=2), α is usually set at 2 for a four factor design 
(Crolla & Kennedy, 2001). Therefore a total of 30 runs (16 full factorial + 8 axial 
points + 6 center points) batch bioleaching in bioreactor were performed to satisfy 
CCD (with each run taking 8 days for completion). The four factors investigated 
were (i) pulp density of ESM, (ii) dissolved oxygen, (iii) pH and (iv) glycine 
concentration. Table 7.2 provides detail of how each parameter was varied in the 
each batch bioreactor run. 
Empirical models describing the experimental results were developed using data 
collected from 30-batch runs of bioreactor and were generated using the least 
squares method. The general form of second degree polynomial is given in 
Equation 3.1. 
𝑦 = 𝛽𝑜 +  ∑ 𝛽𝑖𝑋𝑖 +  ∑ 𝛽𝑖𝑖𝑋𝑖
2 +  ∑ ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗
𝑘






𝑖=1   (3.1) 
where y is the response associated to the combination of the variables levels, β0 is 
a constant coefficient, βi is the regression coefficient computed to experimental 
values of y, Xi are the coded linear variables, XiXj is the interaction between the 
coded variables, X2 is the coded quadratic variables and k is the number of factors 
being studied and ε is the associated random error. In this study, y represents (i) 
gold recovery, (ii) cyanide concentration and (iii) number of live bacteria (CFU) 
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during the bioleaching runs in different empirical models. The second order 
polynomial coefficients were calculated and analysed using the ‘Design Expert’ 
software (Version 9.0.3, Stat-Ease Inc. Minneapolis, USA) statistical package.  
3.9.2 Software for data analysis and optimization 
An analysis of the residual from the model is calculated in order to determine the 
adequacy of least squares fit. The normal probability of the residuals, the Actual 
vs Predicted values plot, and the residuals versus predicted values of the response 
variable were used to assess the least squares fit (Crolla & Kennedy, 2001). 
Analysis of variance (ANOVA) of the model for each response was used to 
summarise the calculations of F-test and to study the statistical significance of the 
regression coefficient of determinations for each effect (linear, quadratic, and 
interaction) in the model, and to assess the fit of the response model to the data 
(the lack of fit parameters), and hence to evaluate the significance of the model 
(Suhara & Mohini, 2013). A 5% significance level was used for all statistical 
models in this study. Optimized values of four independent variables ((i) pulp 
density of ESM, (ii) dissolved oxygen, (iii) pH and (iv) glycine concentration) for 
maximum gold recovery was determined using numerical optimization package of 
‘Design Expert’ software 9.0.3 (State-Ease Inc. Minneapolis, USA). 
3.10 Experimental errors 
The accuracy of results obtained from ICP-MS depends on a wide variety of 
factors. The major factors are accurate preparation of calibration standards, matrix 
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compatibility, proper system washing prior to analysis and the sample age. For 
example, more calibration points were used within the low concentration range 
(0.0001 to 1 ppm) for the analysis of gold concentration. Hydrochloric acid matrix 
at high concentration (10% v/v) was also used to dissolve the small amount of 
gold. Samples were kept at 4°C and analyzed within 7 days of storage. 
Experimental errors are quantified using standard deviation of the mean. Hence, 
all results are represented in the format x ± σM, where x is the mean and σM is the 
standard deviation of the mean. Error bars in graphs represents standard 
deviations from measurements. The experimental data was statistically interpreted 
using ANOVA (Analysis of variance) and considered significant if the p value 
was less than 0.05. 
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CHAPTER 4: PRETREATMENT OF ESM AND 
MUTATION OF ALKALI-TOLERANT CYANOGENIC 
BACTERIA 
4.1 Introduction 
Cyanogenic microorganisms form water soluble metal cyanide complexes from 
metal-containing solids such as printed circuit board scrap (Faramarzi et al. 2004). 
The process of gold cyanide complex formation in the presence of oxygen is 
known as gold cyanidation and is summarized in the Elsner’s equation presented 
in section 2.3.1.  
4Au + 8CN- + O2 + 2H20 → 4Au(CN)2- + 4OH-                                   (2.1)                                            
Cyanogenic microorganisms mobilize metals under alkaline conditions, in 
contrast to acidophilic bacteria commonly used in bioleaching of heavy metals 
from solid waste (Brandl et al. 2008).  As the pKa of HCN is 9.3, conducting the 
gold dissolution reaction under alkaline condition increases the total cyanide ions 
available for bioleaching. The challenge for such a reaction is bacterial growth 
under alkaline condition. 
 The objective of this work is to examine enhancement in the bioleaching of gold 
from e-waste using C. violaceum by mutation approach.  In particular, the 
following will be examined: (a) Characterization of some important properties of 
ESM such as elemental composition, morphology and the TCLP test analysis (b) 
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effect of pretreatment of ESM to reduce the competition for cyanide ion from 
base metals (mainly copper) present in ESM; (c) effect of pulp densities of ESM 
on gold recovery; and (c) mutation of the bacteria to grow under alkaline 
conditions to increase the concentration of cyanide ions available for gold 
bioleaching. 
4.2 Characterization of ESM 
4.2.1 ESM elemental composition 
The metal composition of the liquor after acid digestion of the original (i.e. 
untreated) and pretreated ESM are shown in Table 4.1. The concentration of each 
of the metal ions after acid digestion is used in the calculation of the percentage 
recovery in bioleaching. 







% Removed by 
Pretreatment 
Cu 150.40 ± 4.0 30.40 ± 2.1 79.8 
Al 47.20 ± 2.8 14.40 ± 1.7 69.5 
Fe 31.40 ± 2.0 9.00 ± 0.9 71.3 
Pb 28.00 ± 3.2 9.40 ± 1.5 66.4 
Sn 17.60 ± 2.2 2.00 ± 0.3 88.6 
Ni 16.00 ± 1.8 6.00 ± 0.8 62.5 
Zn 11.60 ± 1.2 5.20 ± 0.6 55.2 
Ag 0.56 ± 0.09 0.20 ± 0.03 64.3 
Au 0.28 ± 0.03 0.24 ± 0.04 14.3 
Total 303 76.8  
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Metals made up nearly 30% by mass of ESM; the remaining comprised ceramics, 
refractory oxides and plastics. Similar results have earlier been reported 
(Gramatyka et al. 2007; Ilyas et al. 2007; Kulandaisamy et al. 2003; Liang et al. 
2010; Sum, 1991; Xiang et al. 2010).  Copper constituted the bulk of the untreated 
ESM, and metals such as silver and gold were present in lower concentrations.  
Base metals such as aluminium, iron, zinc and lead were also present in 
significant quantities. Heterogeneity in the metal composition was observed 
across the literature, possibility due to the varied origin of the electronic scrap 
material. Although these results corroborated other reports (Cui & Zhang, 2008; 
Ilyas et al. 2007; Liang et al. 2010; Pant et al. 2011; Tuncuk et al. 2012; Xiang et 
al. 2010), the gold content of the ESM used in this study was higher and was 
comparable with ESM reported by Hageluken (Hagelüken & Greinerstraat, 2005). 
Concentration of gold was not affected by pretreatment as gold is insoluble in 
nitric acid. 
Copper complexes with cyanide, and its presence at a high concentration 
interferes with gold cyanidation (Mudder et al. 2001). Other metals such as 
nickel, iron, silver and zinc also form stable complexes with cyanide (Faramarzi 
& Brandl, 2006; Faramarzi et al. 2004; Rajat et al. 2005).  Thus, ESM was treated 
with nitric acid to dissolve and remove most of the copper and other metals in 
order to enhance gold cyanidation in the subsequent bioleaching. Acid digestion 
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pretreatment resulted in the removal of nearly 80% of the copper (see Table 4.1) 
to minimize the inference to gold-cyanide complex formation. 
4.2.2 ESM morphology 
SEM micrographs of untreated and pre-treated ESM (Figure 4.1) revealed that 
ESM is heterogeneous, with particles of varying sizes, shapes and textures. Most 
of the particles exist as rods, spheres with fine crystals and flakes on the surfaces. 
Prior to nitric acid treatment, the ESM appeared finer and smoother in texture; 
after treatment, the surfaces of the ESM appeared to have been eroded exposing 
more crevices due to chemical leaching. 
Energy dispersive X-ray Spectroscopy (EDX) analysis of the original ESM and 
pretreated ESM was carried out to determine the surface elemental composition 
and the results are presented in Table 4.2. Both the untreated ESM and pre-treated 
a) b) 
Figure 4.1: SEM images of a) Original ESM b) Pretreated ESM at 1000X 
magnification 
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ESM contained a large proportion of silicon which is used commonly in 
electronic products. The results showed that following pretreatment, the surface 
gold to copper ratio increased. Therefore, this shows that nitric acid pre-treatment 
was effective as it was able to remove interfering copper from the surfaces of 
ESM, exposing more gold to be able to react with cyanide during bioleaching.  
Table 4.2: Surface elemental composition of untreated and pretreated ESM 
Element 
Untreated ESM 
 (Weight %) 
Pre-treated ESM  
(Weight %) 
Aluminium 26.25 17.34 
Silicon 37.37 43.41 
Iron 3.86 2.93 
Copper 8.6 9.27 
Zinc 3.12 1.22 
Gold 1.52 2.7 
Lead 5.39 1.62 
Nickel 0.06 1.01 
Tin 12.86 17.53 
Silver 0.95 2.96 
Copper to Gold Ratio 5.66 3.43 
 
4.2.3 Toxicity Characteristic Leaching Procedure (TCLP) test  
Apart from precious metals (such as gold and silver), toxic heavy metals are also 
present in ESM.  TCLP tests were performed and the metal concentrations in the 
TCLP extracts of the original ESM before bioleaching and after bioleaching were 
compared with international (Electronic Code of Federal Regulations of USA) 
and local regulatory levels (National Environmental Agency of Singapore - 
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NEA). Table 4.3 shows metal concentration in TCLP extract before and after 
bioleaching. 
 


















Ag 1.516 ± 0.001 0.998 ± 0.075 5 0.14 
As 2.074 ± 0.021 1.085 ± 0.025 5 5 
Ba 0.625 ± 0.002 0.500 ± 0.005 100 21 
Cd 4.093 ± 0.001 0.850 ± 0.010 1 0.11 




35.45 ± 4.000 100 ns 
Fe 2.310 ± 0.042 0.775 ± 0.010 100 ns 
Mn nd nd 50 ns 
Ni 1.619 ± 0.002 0.750 ± 0.008 5 11 
Pb 18.430 ± 2.195 3.875 ± 0.510 5 0.75 
Zn nd nd 100 4.3 
nd=non detected ns= not specified 
1Leach Test,  Recommended Acceptance Criteria for Suitability of Industrial Wastes for Landfill Disposal; Available from:       
http://www.nea.gov.sg/cms/pcd/leachtest.pdf   




As seen in Table 4.3, lead, cadmium and copper concentrations in the TCLP 
extract for ESM were also higher than the regulatory level set by Code of Federal 
regulations of USA for Hazardous Waste disposal. These metal concentrations 
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also exceeded the Singapore NEA regulatory levels (NEA). Therefore, untreated 
ESM was classified as hazardous waste and required treatment before landfill 
disposal. After bioleaching, however, it was found that the concentration of these 
metals were within the USEPA and Singapore regulatory levels.  Thus, in addition 
to precious metal recovery, mitigation of the hazardous nature of ESM provides 
strong motivation for bioleaching as the metal content of ESM was reduced 
through the course of bioleaching. 
4.3 Two-step bioleaching of untreated and pretreated ESM with wild 
strain 
As the name suggests, two-step bioleaching consists of two steps. In the first step, 
bacteria were cultured in LB medium in the absence of ESM. In the second step, 
sterilized ESM was added to the bacterial cultures when the cultures have reached 
significantly high cell density and bacterial cyanide production has reached its 
peak (i.e. around 20 mg of cyanide per liter of bacteria culture, and approximately 
1016 colony forming units per ml) during early stationary phase.  
4.3.1 Free cyanide concentration profile 
Figure 4.2 a-d show free cyanide concentrations in the bioleaching cultures of the 
wild strain grown at physiological pH (7-7.5) with both untreated and pretreated 
ESM, at pulp densities 0.5% w/v to 4% w/v starting from early stationary phase to 
end of bioleaching run. Day 0 refers to the early stationary phase when cyanide 
production is maximum (20 mg/l) just before ESM was added. The cyanide 
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production profile of wild strain is shown in Figure 6.2. Towards the stationary 
phase, there is production and consumption (conversion to β-cyanoalanine) (Kita 
et al. 2006) of cyanide at the same time by the cells. Thus the data observed in 
Figure 4.2 are the net outcome of cyanide production, consumption and gold 
complexation during bioleaching. At all pulp densities of untreated and pretreated 
ESM, free cyanide concentration decreased with time during bioleaching, with the 
decrease being steeper at higher pulp densities. This phenomenon is due to the 
greater consumption of free cyanide by metals at higher concentrations with 
increasing pulp densities. No cyanide was detected in the uninoculated controls 
during two-step bioleaching in all instances. 
Compared to untreated ESM, bioleaching with pre-treated ESM resulted in higher 
free cyanide concentration be due to two reasons. With untreated ESM, cyanide 
production could have been inhibited because of higher metal concentration. 
Without the production of cyanide from the viable cells, the consumption and 
complexation of cyanide with gold would cause the net uncomplexed cyanide 
concentration to decrease with time. The decrease in free cyanide concentration 
could also be due to higher cyanide complexation with metals in untreated ESM 
(that has higher metal concentration compared to pretreated ESM).





Figure 4.2: Free cyanide concentration in bioleaching of untreated and pretreated ESM at 
a) 0.5%, b) 1%, c) 2%, d) 4% pulp density. 
Significance level p<0.05. At 4% pulp density, there is no significant difference in cyanide concentration 
in bioleaching with original and pretreated ESM (p>0.05) 
a) b) 
c) d) 
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The difference between free cyanide concentrations in bioleaching of untreated 
and pretreated ESM is reduced at higher pulp density (p>0.05, not statistically 
significant), since the production of cyanide is affected by the toxicity of ESM, 
i.e. the decrease in viable cell concentration results in lower production of 
cyanide. Another possible reason is that the active site of HCN synthase may 
suffer from a conformational change due to the replacement of the original metal 
cofactor with Cu2+ or Ni2+ leached from the ESM. 
4.3.2 Gold and copper bioleaching profiles 
Figure 4.3 a-d show gold leaching by C. violaceum with untreated and pretreated 
ESM at pulp densities ranging from 0.5% to 4% w/v. At all pulp densities, 
bioleaching with pretreated ESM gave higher gold recovery compared to 
bioleaching with untreated ESM, a result expected as substantial amounts of 
copper and other metals which compete with gold for cyanide-complex formation 
have been removed.  Preferential copper dissolution compared to gold during the 
pre-treatment may be due to two reasons: (i) the high(er) concentration of copper 
(see Table 4.1) consumes the free cyanide that would otherwise be available for 
gold cyanide complexation (Mudder et al. 2001), and (ii) gold (E0 Au3+/Au : 1:52 V) 
is nobler than copper (E0 Cu2+/Cu : 0.34 V) (Chi et al. 2011).  
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Gold was not detected in uninoculated control throughout the entire bioleaching 
period, thus confirming that cyanide produced by the bacteria was the only 
lixiviant responsible for gold leaching. 
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Figure 4.3: Gold leaching profile in bioleaching of untreated and pretreated ESM at a) 
0.5%, b) 1%, c) 2%, d) 4% pulp density 
Significance level p<0.05. At 4% pulp density, there is no significant difference in gold recovery in 
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Figure 4.4 (a) shows pretreated ESM resulted in higher gold recoveries compared 
to untreated ESM (after eight days of bioleaching).  The corresponding copper 
recoveries are shown in Figure 4.4 (b). From these figures, it is evident that with 
an increase in pulp density, the percentage of gold and copper recovery generally 
decreased. Similar to that in gold leaching, copper recoveries from the 
bioleaching of untreated ESM at all pulp densities were lower (ranging from 18% 
to 71%), compared to the bioleaching of pretreated ESM at corresponding pulp 
densities (ranging from 28 to 86%). However, unlike the case of gold leaching, 
cyanide is not the only lixiviant dissolving copper. Copper could have been 
leached from ESM in forms other than cyanide-based complex by reagents 
present in the LB medium. This was confirmed when the uninoculated controls 
also showed copper recovery (ranging from 8% to 29% for original ESM and 
11% to 40% for pretreated ESM) as seen from Figure 4.4 (b). Parallel 
experiments with deionised water showed minor leaching of copper at less than 
5% (data not shown). Copper leaching in LB medium has also been reported 
(Brandl et al. 2001). As pretreated ESM at 0.5% pulp density gave higher gold 
and copper recovery (11.3 and 86.2% respectively) with the wild strain, it was 
used to compare the efficiency of gold bioleaching between wild and mutated 
strains capable of growing under pH in the alkaline range.  





Figure 4.4: Percentage a) gold and b) copper recoveries of untreated and pretreated ESM 
by wild C. violaceum at different pulp densities 
Significance level p<0.05. At 4% pulp density, there is no significant difference in gold recovery in 
bioleaching with original and pretreated ESM (p>0.05) 
a) 
b) 
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4.4 Growth of wild and mutated strains of C. violaceum  
Figure 4.5 shows the growth profiles of the wild strain and the mutated bacteria at 
300C. C. violaceum mutated to grow at pH 9 and 9.5 shows a higher growth rate 
than unadapted strains grown at pH 9 and 9.5 and recorded the highest OD of 
around 4.2 A.U after 20 hours. The delay in the adaptation to grow at higher pH 
resulted in a longer lag phase for the strains grown at pH 9 and 9.5 in the absence 
of mutation (eight and ten hours respectively) compared to mutated bacteria 
grown at pH 9 and 9.5 (five and seven hours respectively). In the case of mutated 
bacteria, only cells grown at higher pH were selected (by targeting the part of the 
genome that controls pH and at the same time not detrimental to cellular activity) 
and hence they rapidly adapted to alkaline pH environment resulting in a shorter 
lag phase. In the absence of mutation, pH 10 is inhibitory to growth of the wild 
strain and showed no growth. However with mutation and adaptation, the wild 
strain was capable of growth at pH 10 although the growth rate and maximum cell 
density were lower than the wild strains grown at physiological pH, and the 
strains mutated at pH 9 and 9.5.  




* Wild strain grown at physiological pH (7 to 7.5) 
Figure 4.5: Growth curves of wild and mutated strains of C. violaceum 
Data represents the mean of triplicate experiments (p<0.05)  
 
4.5 Two-step bioleaching of gold with pretreated ESM with mutated C. 
violaceum 
Gold recovery from ESM at 0.5% pulp density, using the wild and mutated strains 
are compared in Figure 4.6. C. violaceum mutated at pH 9.5 gave the highest gold 
recovery of 22.5%, followed by the bacteria mutated at pH 10 and pH 9, at 19% 
and 18% recovery respectively. Two factors play an important role in the 
availability of cyanide for gold bioleaching. Maximum growth of the bacteria and 
peak cyanide production occur at initial physiological pH range of 7-8 (Lawson et 
al. 1999a). However at this pH, cyanide may be lost via volatilization since the 
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hydrogen cyanide has a pKa of 9.3 and the cyanide concentration remaining in the 
solution is highly dependent on pH (Haque, 1992) and is favoured by a high pH. 
(see Section 2.5.1.2 Equation 2.3). 
Mutation of bacteria to grow under alkaline condition permits growth and cyanide 
production, and at the same time increases the availability of cyanide ion, thereby 
improving gold recovery. Although a greater extent of dissociation is expected at 
pH 10, mutated C. violaceum grown at pH 10 showed a lower gold recovery 
(19%) than that at pH 9.5 (22.5%) as it has significantly lower growth compared 
to the others (see Figure 4.5) (The bacteria showed a longer lag phase and lower 
maximum OD). From Figure 4.6, it can be seen that wild strain (unadapted) 
grown at pH 9 and 9.5 recorded a higher recovery at 14% and 16% respectively 
compared to wild strains at pH 7 (11.3% gold recovery) although their maximum 
OD recorded (2.8 and 2.4 A.U respectively) was lower than that of wild strain (4 
A.U) clearly showing the importance of pH in gold bioleaching experiments. 
Unadapted strains at pH 10 showed no growth and gold recovery, and confirmed 
that only cyanide produced by the bacteria was responsible for gold bioleaching.  
Natural adaptation would take a longer time and random mutagenesis may be 
used to evolve the bacteria more rapidly using pH as the desired selection 
pressure. 




Figure 4.6: Percentage gold recovery of pretreated ESM (0.5% pulp density) in 
bioleaching by wild and mutated strains at 0.5% pulp density  
 
4.6 Summary 
This chapter examines gold bioleaching from electronic scrap by unadapted and 
mutated C. violaceum, and the effect of pretreatment. Nitric acid pretreatment 
reduced competition for the cyanide ion from other metals present in ESM. 
Mutation enhanced bioleaching under alkaline conditions through increased 
availability of CN- for gold dissolution. Increase in pulp density decreased gold 


















Wild and mutated strains at different  pH
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growth and cyanide production.  Bioleaching using C. violaceum mutated to grow 
at pH 9.5 (22.5%) resulted in higher gold recovery compared to the unadapted 
strain (11.3%) and mutated strains at pH 9 (18%) and pH 10 (19%). TCLP tests 
performed with original ESM (untreated) showed that the metal concentration 
exceeded the regulatory limits of USEPA and NEA and required treatment before 
disposal in landfills. TCLP tests with bioleached ESM showed reduced metal 
concentration in the extracts which were within the regulatory limits. Bioleaching 
of ESM is not only important from resource recovery and economic point of view 
(through recovery of precious metals) but also detoxifies hazardous electronic 
waste for safe disposal. 
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CHAPTER 5: COMPARISON OF TWO-STEP 
BIOLEACHING AND SPENT MEDIUM LEACHING AND 
ENHANCED RECOVERY WITH PH MODIFICATION OF 
SPENT MEDIUM 
5.1 Introduction 
In this chapter, two approaches (i.e. two-step and spent medium leaching) are 
compared in gold bioleaching by C. violaceum.  In two-step bioleaching, the 
bacteria were initially cultured in LB Miller medium (at 30o C) before sterilized 
ESM was added to the bacterial culture after it has reached significant cell 
density, and bacterial cyanide production has reached its peak (during early 
stationary phase). In spent medium leaching, bacterial cell-free metabolites were 
obtained after centrifuging and filtering the cells, and bioleaching was performed 
using the spent medium. Since higher pulp densities may be toxic to the bacteria 
and adversely affect cyanide production, a rational approach to improve gold 
recovery without affecting bacterial growth is to decouple growth/cyanide 
production from bioleaching.  
As discussed in previous chapters (section 2.5.1.2 and section 4.4), cyanide 
produced by the bacteria exists in equilibrium following the reversible reaction:  
HCN ↔ H+ + CN-                                                                  (2.3)    
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At the physiological pH of C. violaceum (around 7-8), some cyanide may be lost 
(as HCN) via volatilization. However, optimum bacterial growth and peak 
cyanide production occur at this pH range (Lawson et al. 1999a). Since the pKa of 
HCN is 9.3, conducting the gold dissolution reaction under alkaline condition 
increases the total cyanide ion concentration available and hence increases 
bioleaching efficiency. One approach to overcome this problem is to mutate the 
bacteria to permit growth and cyanide production in alkaline condition which 
increases the availability of cyanide ion, thereby improving gold dissolution. This 
approach was discussed in the previous chapter and yielded a gold recovery of 
22.5% compared to the unadapted strain which yielded 11.3%. Another approach 
is to decouple the bacterial growth and gold complexation by using the spent 
medium obtained, following the growth of bacteria and when peak cyanide 
production has occurred under physiological pH. The objectives of this part of the 
study are: (i) To compare two-step bioleaching and spent medium leaching of 
(pre-treated) ESM at various pulp densities using C. violaceum, for gold and 
copper recovery; (ii) To examine the causes for higher gold recovery in spent 
medium leaching; (iii) To examine the extent of bioaccumulation of gold during 
gold bioleaching by C. violaceum; and (iv) To improve gold recovery in spent 
medium leaching under alkaline conditions (where the availability of cyanide ions 
is increased). 
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As seen from previous chapter, base metals (mainly copper) present in the ESM 
(and which were present at higher concentration than gold) are capable of forming 
soluble metal-cyanide complexes and the bioleaching of gold may be enhanced 
through pretreatment of the ESM to reduce competition for cyanide ions from 
these metals. Hence, in this present study, pretreated ESM was used for 
bioleaching. Bacterial growth/cyanide production was decoupled from gold 
complexation and pH of the spent medium was increased prior to addition of 
electronic scrap which increases the availability of cyanide ions for gold 
bioleaching. 
5.2  pH profile 
The effect of pulp density of the pretreated ESM on pH was monitored during 
bioleaching and the results are presented in Figure 5.1. Uninoculated samples 
which contained only ESM in sterilized LB-Miller medium showed a pH profile 
which remained relatively constant at around pH 7-7.5 at all pulp densities (0.5%, 
1%, 2% and 4% w/v) throughout 8 days (data not shown). This contrasts with a 
previous study (Brandl et al. 2001) where pH increased at higher pulp density (in 
the absence of bacteria).  
Bacterial growth is accompanied by an increase in pH of the culture (due to 
alkaline extracellular metabolites). The culture in the absence of ESM recorded 
the highest viable cell count (data not shown) and the highest pH, with pH 
increasing over the course of 8 days (Figure 5.1).  
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At pulp densities of 0.5% and 1%, pH of the bacterial cultures gradually increased 
after the addition of ESM, albeit more gradually than the control culture. In 
contrast, at higher pulp densities of 2% and 4%, pH gradually decreased to below 
7.  The decrease in pH may be due to the toxic and inhibitory effect of ESM on 
bacterial growth and cyanidation (since pH increases during bacterial growth). A 
decrease in pH favours the formation of HCN (see section 2.5.1.2 equation 2.3). 
As indicated in Elsener’s equation (refer section 2.3.1 equation 2.1), lower CN- 
concentration leads to poorer gold recoveries at higher pulp densities (as was 
observed, and will be discussed in the following sections). 
 
Figure 5.1: pH profile of wild strain in bioleaching at different pulp densities of 
pretreated ESM (p <0.05) 




5.3 Comparison of gold and copper recovery in two-step bioleaching and 
spent medium leaching  
Gold and copper leaching profiles for both two-step bioleaching and spent media 
leaching at different pulp densities are shown in Figures 5.2 a-d and 5.3 a-d 
respectively. In two-step bioleaching, the highest recovery of gold (11.3%) and 
copper (86.2%) were recorded at 0.5% pulp density (Fig 5.2 (a) and 5.3 (a)). As 
pulp density increased, the bioleaching efficiency decreased for both gold and 
copper in two-step bioleaching owing to inhibition of cyanide production arising 
from the toxicity of ESM at high pulp densities. It is also evident and important to 
note that the uninoculated control (i.e. growth medium and ESM) showed 
significant copper leaching (40% after 8 days, at 0.5% pulp density) but not gold, 
a phenomenon that confirmed that the biogenic cyanide was the only leaching 
agent for gold.  
In two-step bioleaching (Figs 5.2 and 5.3), at low pulp densities (at 0.5% and 
1.0%), there is generally an increase in gold and copper recovery throughout the 
bioleaching period. However, at higher pulp density (2% and 4%), gold recovery 
peaked (at Day 5 and 4 respectively) and remained relatively constant thereafter, 
due to possibly increased toxicity to the bacterial cells.  Copper recovery, in 
contrast, increased with time, even at the highest pulp density indicating that 
copper could have been leached from ESM in forms other than cyanide-based 
complex (i.e. from other lixiviants produced by bacteria and reagents present in 
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LB media). Unlike the case of gold, uninoculated controls (LB media and ESM) 
also showed copper recovery as seen in Figure 5.3.  
Spent medium leaching for both gold and copper showed higher metal recovery 
than in two-step bioleaching, at all pulp densities. In all instances, the recovery 
remained relatively constant beyond Day 1. From Figure 5.2, it is evident that 
cyanide is the limiting factor in the gold-cyanide complex formation. Highest gold 
recovery of 18% was obtained at 0.5% pulp density in spent medium leaching. As 
cyanide is produced throughout the bioleaching cycle, at the highest pulp density 
(4% w/v), the maximum gold recovery obtained from two-step bioleaching 
approached the maximum recovery of spent medium leaching. The main 
disadvantage of decoupling cyanide production and gold bioleaching is the effort 
needed for separation of bacteria (after it attains maximum growth and cyanide 
production) and media. Hence, for spent media leaching to yield increased gold 
recoveries at higher pulp densities (such as 10% w/v, 20% w/v etc.), cyanide 
should be concentrated in the bacterial cell-free metabolite solution (extracted 
after centrifuging and filtering off higher concentration of bacterial cells when 
they achieve maximum growth and peak cyanide production). 
 





Figure 5.2: Gold recovery profile in two-step bioleaching and spent medium leaching at a) 
0.5%, b)1%, c)2%, d)4% w/v pulp density 
Significance level p<0.05. At 4% pulp density, there is no significant difference in gold recovery between 









Figure 5.3: Copper recovery profile in two-step bioleaching and spent medium leaching at 
a) 0.5%, b)1%, c)2%, d)4% w/v pulp density  
Significance level p<0.05. At 4% pulp density, there is no significant difference in the maximum copper 
recovery between two-step and spent medium leaching (p>0.05) 
a) b) 
c) d) 
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5.4 Investigation of reasons for enhanced spent medium leaching 
performance 
Several reasons might explain the enhanced performance of spent medium 
leaching over two-step leaching for gold recovery.  
1.   Unlike in two-step bioleaching where oxygen is consumed by the bacteria, 
oxygen is utilised in gold complex formation (in the absence of bacteria) in spent 
medium leaching. The role of oxygen in gold cyanide complex formation has 
been shown earlier in Elsner equation (Section 2.3.1 Equation 2.1). 
2.  Maximum cyanide production occurs during the early stationary phase. In 
two-step bioleaching, cyanide is also consumed, via conversion to β cyano-
alanine during the mid and late stationary phase, and via complexation with 
metals present in ESM during bioleaching. As spent media is devoid of bacteria, 
there is no consumption of cyanide, the biogenic cyanide may be fully utilised in 
the leaching of gold compared to two-step bioleaching where growth/cyanide 
production is not decoupled from bioleaching process. 
3.  Significant amount of metals from ESM were found to be biosorbed and 
bioaccumulated in two-step bioleaching. As metals were solubilised via metal-
cyanide complex formation, the bacteria continue to bioaccumulate gold (and 
possibly other metals).  Biosorption of gold on the inactivated bacteria (after 
bioleaching) reduces the concentration of gold in the bioleached solution (Data 
not shown).  
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Figures 5.4 (a) and 5.4 (b) show TEM images of a bacterium in a metal-free 
solution and a metal-loaded bacterial sample after two-step bioleaching (red 
arrows indicate metal deposits). 
 
Figure 5.4: a) TEM image of bacteria (before addition of ESM); b) TEM image of 
bacteria after bioaccumulation;  c) EDX spectra and metal composition of region in 
the yellow box shown in fig b) 
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An EDX spectrum of the metal-loaded bacterium in the region indicated by 
yellow box in Fig 5.4 (b) is given in Figure 5.4 (c). In addition to gold and copper, 
other metals present in ESM such as silver, lead, tin and iron were also identified 
in the surface elemental composition analysis by EDX. 
Bioaccumulation of metallic gold  from gold chloride solution and from gold- 
thiosulphate complex has been reported (Lengke & Southam, 2005; Nakajima, 
2003). Accumulation of gold was shown to be dependent on the metabolic 
reactions on the plasma membrane (Reith, 2003) .   
The bacteria cells were digested using aqua regia to determine the total amount of 
metals bioaccumulated/biosorbed during bioleaching. Results showed that at 0.5% 
w/v pulp density, 8-10% of the total gold from ESM was bioaccumulated, with 1-
3 µM of gold per gram of dry cell weight accumulated in bacterial cells. Copper 
which constitutes the bulk of ESM was accumulated at 0.1-0.5 mM per gram dry 
weight of the cells.  
5.5 Gold recovery with alkaline spent medium 
Hydrogen cyanide has a pKa of 9.3 and the cyanide concentration in the solution 
is highly dependent on pH (Haque, 1992). The equilibrium between aqueous CN- 
and gaseous hydrogen cyanide (shown in Equation 2.3 section 2.5.1.2) indicates 
that the former is favoured at a high pH. At low pH, the equilibrium shifts to form 
more hydrogen cyanide which is volatile and has a low solubility in water. The 
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optimum growth of the bacteria and peak cyanide production occur at the 
physiological pH of C. violaceum (i.e. about pH 7-8) (Lawson et al. 1999a) where 
cyanide may be lost via volatilization. Hence, two-step bioleaching (at the 
physiological pH) takes place when the availability of cyanide ion for gold 
complexation is not optimal. One approach to overcome this problem is to mutate 
the bacteria to grow under alkaline condition which yielded a gold recovery of 
22.5% (section 4.4 and 4.5). Another approach is to decouple the bacterial growth 
and gold complexation by using spent medium obtained following the growth of 
bacteria and when peak cyanide production has occurred under physiological pH. 
Spent medium leaching was then performed at pH 10 (using a 10M NaOH 
solution). The gold recovery obtained with this approach was higher than that of 
mutation approach discussed previously in Chapter 4. 
Figures 5.5 (a) and (b) compare gold and copper recoveries respectively obtained 
with two-step bioleaching, spent medium leaching, and spent medium at alkaline 
pH, at different pulp densities. Evidently, the highest gold recovery of 30% and 
copper recovery of 95.7% was obtained with spent medium leaching at pH 10 at 
0.5% w/v pulp density. 
 





Figure 5.5: a) Gold recovery and b) Copper recovery from ESM with different 
leaching methods 
Significance level p<0.05. At 4% pulp density, there is no significant difference in gold recovery 
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5.6 Implications of this study 
The present study has some important implications. Spent medium leaching yields 
comparable or higher gold recovery than two-step bioleaching, confirming that 
only the metabolites (i.e. cyanide) produced by C. violaceum are involved in 
bioleaching. Spent medium bioleaching has significant advantages. As the 
bacteria are not in direct contact with ESM, a continuous or fed-batch culture may 
be developed where the spent medium is harvested under growth condition 
resulting in maximum cyanide production (in the absence of ESM). Leaching 
takes place in a second stage. The spent medium leaching removes the limitation 
on pulp densities loading and may be operated at higher pH and pulp densities, an 
approach not possible with two-step and one-step bioleaching system owing to 
toxicity of the ESM. Moreover, cyanide for gold bioleaching may be generated in-
situ at the e-waste processing site making biological cyanide desirable over 
chemical cyanide. 
5.7 Summary 
In this work, a new, simple and effective strategy to bioleach gold from electronic 
scrap material using C. violaceum, by modifying the pH of the spent medium has 
been devised. Decoupling bacterial growth/cyanide production from gold 
complexation and increasing the pH of the spent medium prior to addition of 
electronic scrap increases the availability of cyanide ions for gold bioleaching. 
The highest gold recovery of 30% and copper recovery of 95.7% was obtained 
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with spent medium leaching at pH 10 compared to 11.3% and 86.2% of gold and 
copper recovery respectively in two-step bioleaching (at 0.5% w/v pulp density). 
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CHAPTER 6: BIOLEACHING WITH GENETICALLY 
ENGINEERED STRAINS 
6.1 Introduction 
Despite the numerous advantages of bioleaching, the main disadvantage is the 
long leaching time required to recover the same amount of metals as compared to 
chemical leaching, since lixiviants are produced in smaller amounts by the 
bacteria. Wild-type C. violaceum produces cyanide from glycine for short periods 
at the early stationary phase in its growth, using the enzyme HCN synthase 
encoded by hcnABC operon. The reliance of lixiviant production on cell 
population density is quorum-controlled, and is probably co-evolved as a defence 
mechanism in its bid for niche colonization. Regulation of this operon under 
quorum control restricts its widespread use in metal recovery as the amount of 
lixiviant produced is limited (20 mg/L of cyanide in a bacterial culture with 
approximately 1 x 1016 CFU/ml) (de Vasconcelos et al. 2003).  
In an effort to obtain suitable strains of C. violaceum for bioleaching of Au from 
electronic waste and to overcome the constraints of limited cyanogenic capability 
of lixiviant producing microorganisms, we examined if lixiviant production can 
be decoupled from quorum control, and if so, whether cyanide production can be 
increased by modulating the lixiviant metabolic pathways of the organism. A 
tightly-regulated and tunable (responsive to varying concentrations of inducer) 
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bioleaching strain by integrating a single copy of the hcnABC operon, under the 
transcriptional control of the exogenous promoters, pBAD and pTAC was 
engineered into the bacterial genome using Tn7-mediated transposition following 
methodology mentioned in Chapter 2 (Section 2.4.2) (Choi et al. 2005a).  
The objectives of this part of the study are to (i) Enhance cyanide production by 
metabolically engineered strains, (ii) Examine if cyanide production has been 
decoupled from quorum control, and (iii) Compare gold bioleaching performances 
of wild and engineered strains at different pulp densities.  
This study is the first demonstration of use of lixiviant metabolic engineering in 
the construction of enhanced bioleaching microbes for the bioleaching of gold 
from electronic waste. 
6.2 Growth of wild and engineered strains 
The growth of the wild and the two engineered strains were monitored for a 
period of 36 hours at 300C (Figure 6.1). The wild strain showed a shorter lag 
phase, with exponential phase starting 4 hours after inoculation. The two 
engineered strains showed a longer lag phase, with exponential phase starting 
only about 8 and 13 hours after inoculation for pBAD and pTAC strain and a 
lower specific growth rate  compared to that of wild type. 
 




Figure 6.1: Growth curves of wild and engineered strains at 30o C 
Data represents the mean of triplicate experiments (p<0.05)  
 
The slower growth observed in the engineered strains is due to antibiotic 
(gentamycin 15 µg/ml) supplementation to the growth media. The presence of an 
antibiotic resistance gene on the plasmids of the engineered strains helped to 
isolate bacteria containing that plasmid from wild strain that do not contain it by 
artificial selection (i.e. growing the bacteria in the presence of the antibiotic). The 
cells need to survive and multiply in sufficient numbers to express the resistant 
gene and counter the effects of antibiotic which explains the longer lag phase and 
slower growth rate. The purpose of examining the growth curves of the two 
engineered strains is to determine the optimum time to add in the inducers, i.e. 
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IPTG and arabinose for pTAC and pBAD respectively. This optimum time is in 
the middle of the exponential phase where bacterial cells are cells are very active 
and the induction of gene expression would not add any metabolic burden on the 
cells. 
6.3 Cyanide production and induction effects 
Figure 6.2 shows the cyanide production profiles of wild and engineered strains in 
the presence and absence of inducers. It is evident that very low cyanide 
production occurred during the lag phase. Low cyanide production was observed 
in the exponential phase, and cyanide production peaked towards the early 
stationary phase for both the wild and the engineered strains. This observation 
corroborates the many published work which reported that maximum cyanide 
(secondary metabolite) concentration was reached at the early stationary phase 
(Campbell et al. 2001; Knowles & Bunch, 1986; Lawson et al. 1999b; Rodgers & 
Knowles, 1978). 




Figure 6.2: Cyanide production profiles of wild-type and engineered strains 
Data represents the mean of triplicate experiments (p<0.05)  
 
The inducers for the engineered strains were added at the mid logarithmic growth 
phase, i.e. about 12 and 16 hours after inoculation for the pBAD and pTAC 
strains respectively. Increased cyanide production for both engineered strains was 
observed to occur 4-5 hours after the addition of inducers. It was also observed 
that the lack of induction for the engineered strains resulted in the two strains 
producing similar cyanide levels as the wild strain, indicating the need for 
induction to activate the additional cyanide producing operon in the two strains. A 
Chapter 6                                     Bioleaching with engineered C.V 
95 
 
comparison of the lixiviant profiles of wild-type and engineered strains (Figure 
6.2) revealed that the pBAD (induced with 0.002% L-Arabinose) and pTAC 
strains (induced with 1 mM IPTG) produced peak concentrations (at 30 hrs after 
inoculation) of 34.5 mg/L and 31 mg/L of cyanide, respectively showing 
significant increases over the wild-type peak concentration of 20 mg/L of cyanide. 
The differing times for production of cyanide between wild-type and engineered 
strains of C. violaceum is a result of the differing growth rates and induction times 
between the strains. 
6.4 Decoupling cyanide production from quorum control 
In order to decouple lixiviant production from quorum control, exogenous 
promoters pBAD and pTAC were used to drive the expression of the hcnABC 
operon. When early induction (prior to mid logarithmic phase) was performed, it 
was observed that the early production of cyanide lixiviant by the metabolically-
engineered bacteria occurred (Figure 6.2). These observations, coupled with the 
observations of tunable, dose-responsive (under varying inducer concentrations) 
cyanide production as seen from Figures 6.3 and 6.4, confirmed that cyanide 
production in the metabolically-engineered pBAD and pTAC strains have been 
effectively decoupled from quorum control. 
In an attempt to increase the production of the cyanide lixiviant, a range of 
inducer concentrations was used to obtain dose-response profiles of cyanide 
production. Using L-arabinose as the exogenous inducer, cyanide production was 
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increased above wild-type levels (Figure 6.3), with maximal cyanide production 
(relative to uninduced levels) observed with 0.002% L-arabinose. An analogous 
dose response profile was obtained with IPTG as the exogenous inducer (Figure 
6.4), where the addition of 1 mM IPTG resulted in maximum cyanide production, 
compared to uninduced or wild-type levels. These results indicated that the 
engineered pBAD and pTAC strains exhibited tunable, enhanced cyanide lixiviant 
production. The observed proto-typical dose-response profiles also suggested that 
lixiviant production in these strains had been decoupled from quorum-control. 
 
Figure 6.3: Production of cyanide by pBAD was at different inducer concentrations 
Data represents the mean of triplicate experiments (p<0.05)  
 





Figure 6.4: Production of cyanide by pTAC at different inducer concentrations 
Data represents the mean of triplicate experiments (p<0.05)  
 
6.5 Two-step bioleaching of pretreated ESM with wild and engineered 
strains 
Two-step bioleaching method with pretreated ESM described in previous chapters 
was followed. Day 0 refers to the time when peak cyanide concentration was 
observed (in early stationary phase) just before ESM was added to the bacterial 
cultures. 
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6.5.1 Free cyanide concentration profile 
Figure 6.5 a-d show the free cyanide concentrations in the bioleaching cultures of 
the wild strain and engineered strains with pretreated ESM, at pulp densities 0.5% 
w/v to 4% w/v. The data points observed are the net outcome of cyanide 
production, consumption and gold complexation as discussed in Chapter 4 
Section 4.3.1.  Similar to the free cyanide concentration profile discussed in 
section 4.3.1, at all pulp densities, the free cyanide concentration decreased with 
time during bioleaching, with the decrease being steeper at higher pulp densities. 
This phenomenon is due to the greater consumption of free cyanide by metals at 
higher concentrations with increasing pulp densities. No cyanide was detected in 
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Figure 6.5: Free cyanide concentration profile in bioleaching pretreated ESM at a) 
0.5%, b) 1%, c) 2%, d) 4% pulp density with wild and engineered C. violaceum 
Significance level p<0.05. At 2% and 4% pulp density, there is no significant difference in cyanide 
concentration in bioleaching with wild and engineered strains (p>0.05) 
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In all instances, the two engineered strains exhibited slightly higher free cyanide 
concentration than the wild strain. This is possible because the two inducers IPTG 
and Arabinose cannot be metabolized by the cells and would remain in the culture 
broth to induce the expression of the additional copy of operon in genetically 
engineered strains. Rapid decline in cyanide concentration was observed at higher 
pulp densities. Without the production of cyanide from the viable cells due to 
toxicity of ESM at higher concentrations, the consumption and complexation of 
cyanide with gold would cause the net uncomplexed cyanide concentration to 
decrease with time. The other reason could be that cyanide complexation with 
metals was higher at higher metal concentrations, thus decreasing the net free 
cyanide concentration. At 4% w/v pulp density, cyanide levels of all 3 strains 
were similar due to inability of cells to tolerate the toxicity of the metals in ESM 
resulting in similar cyanide levels for all three strains. Such pulp density effects 
arising from toxicity of ESM and affecting bacterial growth and cyanide 
production have also been observed in other bioleaching studies (Pradhan & 
Kumar, 2012; Faramarzi et al. 2004) 
Figure 6.5 also shows that as the pulp density increases, the difference between 
free cyanide concentrations in bioleaching with wild and engineered strains 
decreases as the production of cyanide is affected by the toxicity of ESM, i.e. the 
decrease in viable cell concentration results in lower production of cyanide. 
Another possibility is that the control elements of the original hcnABC operon 
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may suffer from a conformational change due to the replacement of the original 
metal cofactor with Cu2+ or Ni2+ leached from the ESM.  
Despite prior nitric acid treatment to remove most of the interfering copper, the 
cyanide produced was not completely used in gold leaching. As summarized by 
Elsner’s equation (Section 2.3.1), gold cyanidation involves gold, cyanide ions 
and oxygen, the latter acting as an oxidizing agent.  
4Au + 8CN- + O2 + 2H20 → 4Au(CN)2- + 4OH-                            (2.1)                               
The concentration of dissolved oxygen may be the limiting factor. To study the 
effect of DO concentration on gold cyanidation and recovery, batch bioreactor 
studies were performed (see next chapter) where the DO concentration was 
controlled precisely and monitored continuously. 
6.5.2 Gold and copper recovery with engineered strains 
Figure 6.6 a-d show gold bioleaching profiles of pretreated ESM by wild and 
engineered strains of C. violaceum at pulp densities ranging from 0.5% to 4% 
w/v. At low pulp densities, it is evident that there is continuous gold extraction by 
all the three strains throughout entire bioleaching period. At the highest pulp 
density however, gold recovery beyond Day 3 is relatively constant due to 
increased toxicity causing inhibitive effect on bacterial growth and cyanide 
production. Even if cyanide was produced at high pulp density, the cyanide 
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preferably leached copper compared with gold as it was present in higher 
concentration and gold being nobler than copper (Refer Chapter 4 section 4.3.2). 
Figure 6.6 (d) shows that at a pulp density of 4% w/v, the amount of gold leached 
was similar for all three strains on Day 8 due to similar cyanide levels. The 
differences in the gold recovery between three strains become less evident as pulp 
density increases due to toxicity of ESM.  Toxicity of ESM could have inhibited 
cyanide production either by decrease in number of live cells or conformational 
change of hcnABC operon as discussed in previous section. No gold was 
recovered from uninoculated control (no cyanide was detected in uninoculated 
control as seen from previous section 6.5.1), proving that cyanide produced by the 
bacteria was the only lixiviant involved in leaching gold. 
 















Figure 6.6: Gold bioleaching profile of pretreated ESM by wild and engineered 
strains at a)0.5% b)1% c)2% and d)4% w/v pulp density 
Significance level p<0.05. At 2% and 4% pulp density, there is no significant difference in gold 
recovery in bioleaching with wild and engineered strains (p>0.05) 
c) 
d) 
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Figure 6.7 a-d show the maximum gold and copper recovery obtained by wild and 
engineered strains of C. violaceum at various pulp densities (after 8 days of 
bioleaching). Figure 6.7 a-b revealed that there were significant increases in the 
recovery of gold and copper from the ESM electronic waste for both strains of 
engineered C. violaceum, as compared to wild-type bacteria. At 0.5% w/v pulp 
density, the engineered strains achieved highest gold recovery of 29.6% (pBAD 
induced with 0.002% L arabinose) and 24.6% (pTAC induced with 1 mM IPTG) 
while the wild strain showed a modest recovery of 11.3%. The enhanced gold 
leaching performance by pBAD strain over other two strains is due to higher 
cyanide production by pBAD strain (see Figure 6.5). One similar trend was 
observed in all 3 strains as shown in Figure 6.7 (a): as pulp density increased, 
gold recovery decreased for all the three strains. It was also observed that pH 
decreased at higher pulp densities as shown in Chapter 5 Fig 5.1 section 5.2. The 
decrease in pH at high pulp densities shifts the equilibrium towards the formation 
of gaseous hydrogen cyanide which has low solubility in water and does not 
complex with gold. 





Figure 6.7: Percentage a) Gold and b) Copper recovery of pretreated ESM by wild 
and engineered strains of C. violaceum at different pulp densities  
Significance level p<0.05. At 2% and 4% pulp density, there is no significant difference in gold 
and copper recovery in bioleaching with wild and engineered strains (p>0.05) 
a) 
b) 
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Copper recovery from the bioleaching of pretreated ESM with the wild strain and 
the genetically engineered strains at different pulp densities at the end of 
bioleaching period is shown in Figure 6.7 (b).  It can be seen that the pBAD strain 
was again the best performer in leaching copper from ESM. Although the pBAD 
strain was marginally better than other 2 strains, the difference between 3 strains 
in copper recovery is not as appreciable as in gold recovery. This could again be 
due to copper leaching by LB media control in addition to leaching by cyanide 
produced by the bacteria. 
6.6 Summary 
The effectiveness of lixiviant metabolic engineering for enhanced cyanide 
production and leaching has been demonstrated. Decoupling of cyanogenesis 
from quorum control resulted in a significant increase in cyanide production, and 
correspondingly, an increase in gold and copper recovery from electronic waste. 
The pBAD strain produced the highest cyanide concentration, and achieved the 
highest gold recovery of 30% followed by pTAC with 24.6% at 0.5% w/v pulp 
density compared to 11.3% recovery by the wild type bacteria at 0.5% w/v pulp 
density. Similarly, maximum copper recovery of 94% was also achieved was 
pBAD at 0.5% w/v pulp density. The effect of pulp density on leaching 
performance by the various strains was also investigated. As pulp density 
increased, gold recovery generally decreased due to higher toxicity of metals 
within ESM and its inhibitive effects on bacterial growth and cyanide production. 
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As pBAD strain produced the highest cyanide concentration and maximum gold 
recovery, it was selected for subsequent scale-up and optimization studies to 
further enhance gold recovery from ESM. The results of bioreactor studies with 
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CHAPTER 7: SCALE-UP AND OPTIMIZATION OF GOLD 
RECOVERY WITH pBAD IN BIOREACTOR USING 
CENTRAL COMPOSITE DESIGN 
7.1 Introduction 
From the previous chapter, it was shown that metabolically engineered pBAD 
strain produced the highest cyanide concentration and achieved the maximum 
gold recovery of 30% at 0.5% w/v pulp density of ESM.  In Chapter 2, important 
factors affecting gold bioleaching process were discussed. Central composite 
design (CCD) is a useful approach to decide on the important factors on which to 
build mechanistic understanding. In this study, the objective is to scale-up (100 ml 
to 1 L working volume) and to further enhance the gold recovery by pBAD strain 
through a collective optimization of significant factors (pulp density of ESM, 
dissolved oxygen (DO), pH and glycine concentration) using statistical design of 
experiments. The relationship between these factors and their interactions and 
influences on the measured responses (i.e. bacteria concentration, cyanide 
concentration and gold recovery) and the relative impact of these four factors on 
the two-step bioleaching process are established. 
7.1.1 Response surface methodology (RSM) 
In optimization studies on bioleaching, the common approach adopted by 
researchers has been to consider some of the factors affecting bioleaching in 
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isolation, i.e. using a ‘one-factor at a time (OFAT)’ technique. However, this 
approach is unreliable and time consuming, with the key disadvantage of lack of 
interactive studies. As OFAT does not cover the complete region of interest, the 
interpretation of optimization results can be misleading. Design of experiments 
(DOE) using response surface methodology (RSM), where several factors can be 
varied simultaneously, and each factor may be evaluated independently, can be a 
better alternative to examine and establish the relationship between all the factors 
studied on the output responses with a minimum number of experimental 
observations. RSM is a compilation of statistical techniques for designing 
experiments, building models, and estimating the effect of factors on the 
responses and searching for the optimum conditions of factors for a particular 
experiment. Further, this technique reveals the relative importance of the 
individual factors, the appropriateness of their functional form, and sensitivity of 
the response to each factor, and quantifies the random variations/errors in the 
process.  
The design procedure for RSM is as follows (Raissi & Farsani, 2009): 
(i) Performing a series of experiments for adequate and reliable measurement of 
the response of interest; 
(ii) Developing a mathematical model (empirical) of the second-order response 
surface with the best fit; 
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(iii) Determining the optimal set of experimental parameters within the operating 
window that produce the maximum or minimum value of a response; and 
(iv)  Representing the direct and interactive effects of process parameters through 
two and three-dimensional (3-D) plots. 
If all variables are assumed to be measurable, the response surface can be 
expressed as follows: 
Y = f(X) + e                                                                                                       (7.1) 
where Y is the expected value of the response variable, X represents input 
variables or factors and e is the predictive error/residuals. The goal is to optimize 
the response variable (Y) by finding a suitable approximation for the true 
functional relationship between independent variables and the response surface. 
7.1.2 Experimental design by Central Composite Design (CCD) 
At the early stages (screening) or very late stages of process development 
(robustness testing), only linear model may be suffice to study large number of 
factors. However, in optimization stage, if interaction effects (interaction effect 
exists if the effect of a factor or variable on a response or output depends on the 
value of another variable) or second degree curvature effect (quadratic response) 
are expected, a complex predictive model accommodating quadratic and 
interaction terms becomes necessary. The experimental design techniques 
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commonly used for process analysis and modeling are the full factorial, partial 
factorial and central composite rotatable designs. Full factorial design is a design 
in which every setting of every factor appears with every setting of every other 
factor. They require large number of runs and are not efficient when there are 
many factors. A fractional factorial experiment is one in which only an adequately 
chosen fraction of the treatment combinations required for the complete factorial 
experiment is selected to be run. Central composite design (CCD) contains an 
imbedded factorial or fractional factorial design with center points that is 
augmented with a group of 'star points' that allow estimation of curvature (Crolla 
& Kennedy, 2001). The schematic of Central composite design for 2 and 3 factors 
is shown in Appendix A.4. CCD is one of the most widely used experimental 
designs in RSM and gives as much information as a three level factorial with 
fewer tests than full factorial design and supports two way interaction and 
quadratic effects. Hence, in this study CCD was chosen for designing the 
experiment.  
The CCD for this study consists of: 
1. Two level full factorial design (the core) i.e. 24=16 (i.e 4 factors); 
2. Axial points (outside the core) - 2*4=8 at (±α, 0, 0, 0), (0, ±α, 0, 0), (0, 0, ±α, 
0), (0, 0, 0, ±α) where α is the distance of axial point from the center point. (The 
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star points represent new extreme values (low and high) for each factor in the 
design); and 
3. Center points – 6. Center points are usually repeated to get an estimate of 
experimental error (pure error) and to determine reproducibility and reliability of 
the experiments.  
The choice of α establishes the rotatability of a central composite design. 
Rotatability is a desired property where the variance of the predicted values of y is 
a function of the distance of a point from the center of the design and is not a 
function of the direction the point lies from the center. (Before a study begins, 
little or no knowledge may exist about the region that contains the optimum 
response. Therefore, the experimental design matrix should not bias an 
investigation in any direction). Since the distance of the axial points from the 
center point in a full factorial is given by α= (2n)1/4 (for 4 factors n=4, α=2), α is 
usually set at 2 for a four factor design (Crolla & Kennedy, 2001). Therefore a 
total of 30 runs (16 full factorial + 8 axial points + 6 center points) of batch 
bioleaching in bioreactor were performed to satisfy CCD (with each run was 
carried out for 8 days). The variables were coded for statistical estimation as 
shown in Equation 7.2 below 
  𝑥𝑖 =
X𝑖−X0
𝛥𝑋𝑖
                                                                                                     (7.2) 
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where xi is the independent coded variable, Xi is the real value of the independent 
variable, X0 is the real value of the independent variable at the centre point and 
ΔXi is the step value change. The range of variables and their levels studied are 
given in the Table 7.1. The variables coded as −1 and +1 represent the low and 
high levels of the variables studied, with zero representing the centre point of the 
design and −α, and +α represent the axial or star points of the design. In the study, 
the value of α was fixed at 2 to make the design a rotatable one.  








-1 0 1 2 
(+α) 
A Pulp density (%w/v) 0.5 1 1.5 2 2.5 
B DO (% saturation) 10 20 30 40 50 
C pH 6 7 8 9 10 
D Glycine (g/L) 6 8 10 12 14 
 
The ranges for variables were selected based on results from shake-flask 
experiments and literature. As seen from previous chapters, as higher pulp density 
was inhibitory to bacterial growth, the highest level was fixed at 2.5% w/v. As the 
actual metal yield would be reduced at lower pulp densities (thereby making the 
recovery uneconomical and inefficient), the lower limit was fixed at 0.5% w/v. 
pH in the range 6 to 10 was chosen to promote the growth of the bacteria and at 
the same time improve the availability of cyanide ions for gold complexation. The 
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optimum DO concentration needed for maximum growth of C. 
violaceum/production of lixiviants as well as in gold cyanidation was determined 
by studying the effect of DO concentration over a wide range from 10% to 50% 
saturation. Glycine is precursor to cyanide formation (Studies on nickel recovery 
from metal-containing solids were reported by Faramarzi where 8-10 g/L glycine 
addition to growing culture maximized cyanide and complex nickel 
concentrations (Faramarzi et al. 2004)). The lower levels and upper levels of 
glycine concentration were set in the range between 6 g/L and 14 g/L to determine 
the concentration in the bacterial cultures for maximizing bacterial cyanide 
production. 
For all experimental runs, two-step bioleaching procedure was followed and the 
inducer, i.e. 0.002% L arabinose, was added in mid-log phase (around 12 hours) 
to induce the expression of additional cyanide producing operon (see Section 6.3). 
In this study, the four factors investigated were pulp density of ESM, dissolved 
oxygen (DO), pH and glycine concentration. In Chapter 2 (Section 2.5), the 
effects of these factors on gold bioleaching process have been discussed. Glycine 
was added at the onset of stationary phase. pH of 7-8 (physiological pH) was 
maintained for optimum growth and cyanide production by pBAD in all runs. pH 
was varied and held at the experimental conditions (i.e pH 6-10) only after 
maximum cyanide production was reached (prior to addition of ESM) in the early 
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stationary phase (around 30 hours after inoculation) as higher pH is inhibitory to 
bacterial growth. 
Empirical models describing the experimental results were developed using data 
collected from 30-batch runs of bioreactor and were generated using the least 
squares method. The general form of the second degree polynomial is given in 
Equation 7.3 below. 
𝑦 = 𝛽𝑜 +  ∑ 𝛽𝑖𝑋𝑖 +  ∑ 𝛽𝑖𝑖𝑋𝑖
2 +  ∑ ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗
𝑘






𝑖=1                   (7.3)          
where y is the response associated to the combination of the variables levels, β0 is 
a constant coefficient, βi is the regression coefficient computed to experimental 
values of y, Xi are the coded linear variables, XiXj is the interaction between the 
coded variables i and j, X2 is the coded quadratic variables and k is the number of 
factors being studied and ε is the associated random error. These polynomial 
equations were used to create the contour plots to visualize the relationship 
between the process variables and the responses studied. In this study, the 
response y may represent gold recovery or cyanide concentration or number of 
live bacteria (CFU) during the bioleaching runs in the different empirical models. 
As in any statistical design of experiment, the experiments performed were 
randomized to minimize the unpredictable variations in the observed responses 
due to uncontrolled extraneous factors. The complete design matrix obtained with 
the coded and uncoded independent variables and the corresponding responses 
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obtained are given in Table 7.2. The surface response quadratic model using the 
CCD (in terms of coded factors) to establish the relationship between the 
variables and responses of the bioleaching runs are given in the Table 7.3. 



























1 1.5 (0) 10 (-2) 8 (0) 10 (0) 10.38 16.7 7 
2 1.5 (0) 30  (0) 10 (2) 10 (0) -4* 39 13.1 
3 2 (1) 20  (-1) 9 (1) 8 (-1) 4.8 33.5 4.9 
4 1 (-1) 40  (1) 9 (1) 8 (-1) 3 19.8 17.3 
5 1.5 (0) 30  (0) 8  (0) 10 (0) 12.4 24.3 9.7 
6 2 (1) 40 (1) 9 (1) 12 (1) 3 16 3.5 
7 2.5 (2) 30 (0) 8 (0) 10 (0) 14 21 3.5 
8 1.5 (0) 30 (0) 8 (0) 6 (-2) 11.3 16 7 
9 1.5 (0) 30 (0) 8 (0) 14 (2) 9.4 11 4.6 
10 1.5 (0) 30 (0) 6 (-2) 10 (0) 9.6 10.6 3.8 
11 2 (1) 40 (1) 7 (-1) 12 (1) 11 11.8 2.6 
12 1 (-1) 40 (1) 9 (1) 12 (1) 2.8 15.6 13.6 
13 1 (-1) 40 (1) 7 (-1) 8 (-1) 11.7 11.4 9.6 
14 2 (1) 40 (1) 9 (1) 8 (-1) 3.2 19 4.4 
15 1.5 (0) 30 (0) 8 (0) 10 (0) 12.8 21.8 8 
16 1.5 (0) 50 (2) 8 (0) 10 (0) 6.8 6.2 4.8 
17 1.5 (0) 30 (0) 8 (0) 10 (0) 15 22 9.7 
18 2 (1) 20 (-1) 9 (1) 12 (1) 3.9 26.2 3.9 
19 1.5 (0) 30 (0) 8 (0) 10 (0) 13 18.5 8.4 
20 2 (1) 40 (1) 7 (-1) 8 (-1) 12.2 13.6 2.9 
21 1 (-1) 40 (1) 7 (-1) 12 (1) 10.6 11 7.9 
22 1.5 (0) 30 (0) 8 (0) 10 (0) 13 24 11 
23 1 (-1) 20 (-1) 9 (1) 8 (-1) 4.5 32.4 20.1 
24 2 (1) 20 (-1) 7 (-1) 8 (-1) 15.7 15.1 3.8 
25 1 (-1) 20 (-1) 9 (1) 12 (1) 4 26.3 16.3 
26 1 (-1) 20 (-1) 7 (-1) 8 (-1) 14.6 14.8 10 
27 2 (1) 20 (-1) 7 (-1) 12 (1) 14.8 13.6 2.9 
28 0.5 (-2) 30 (0) 8 (0) 10 (0) 13.5 20.5 24.8 
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29 1.5 (0) 30 (0) 8 (0) 10 (0) 12 20 9.2 
30 1 (-1) 20 (-1) 7 (-1) 12 (1) 14 12.8 8.3 
 
*As log (0) is not defined, bacterial concentration in run 2 is entered as 0.0001 CFU/ml instead of 0 to include this point in 
the model design 
Runs 5, 15, 17, 19, 22 and 29 are the 6 center point runs. 
 





 Table 7.3:  Quadratic model equations (in terms of coded factors) and regression coefficients 
 
 
 Positive values in the model show synergistic effect of the variables on the response, whereas the negative values show the antagonistic effect of the 
respective effect of the variables.  
 The predicted R2 is in reasonable agreement with adjusted R2 if the difference is less than 0.2. 
 "Adequate Precision" measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Model equations  
A=Pulp density, B=DO, C=pH, D=Glycine 





Bacterial concentration (log CFU/ml) = 13.14 -
1.08*B  - 4.27*C - 0.39*D  + 0.53*BC  - 1.21*B^2 
- 2.66*C^2  - 0.77*D^2 
0.9741 0.9659 0.9236 0.92 42.941 
Cyanide production (ppm) = 21.61 - 3.23*B + 
5.90*C  - 1.51*D - 2.47*BC - 0.93*CD - 2.45*B^2 
+ 0.89*C^2  - 1.93*D^2 
 
0.9626 0.9484 0.9034 1.69 34.094 
Gold recovery (%) = 9.02 - 4.87*A  - 0.53*B + 
2.28* C - 0.78*D - 1.69*AC + 0.49*AD + 
1.19*A^2  - 0.87* B^2 - 0.90*D^2 
0.9801 0.9711 0.9523 0.93 39.61 
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7.1.3 Evaluation of DOE data and optimization 
In statistics, the coefficient of determination or R2 is the proportion of variability 
in a data set that is accounted for by a statistical model. The R2 measure is by far 
the most widely used and reported measure of error and goodness of fit. However, 
R2 cannot determine whether the coefficient estimates and predictions are biased. 
It does not indicate whether a regression model is adequate. Hence, an analysis of 
the residual from the model is calculated in order to determine the adequacy of 
least squares fit. Both the normal probability of the residuals as well as the 
residuals versus predicted values of the response variable were used to assess the 
least squares fit (Crolla & Kennedy, 2001). 
Analysis of variance (ANOVA) of the model for each response was used to 
summarise the calculations of F-test and to study the statistical significance of the 
regression coefficient for each effect (linear, quadratic, and interaction) in the 
model, and to assess the fit of response model to the data (i.e. the lack of fit 
parameters), and hence to evaluate the significance and predictive capability of 
the model (Suhara & Mohini, 2013).  
A 5% significance level was used for all the statistical models in this study. The 
ANOVA results for regression model for responses (i.e. bacterial concentration 
log (CFU/ml), cyanide concentration (ppm) and gold recovery (%)) are presented 
in Table 7.4. 
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The competence of the model was also evaluated using ‘adjusted R2’ and 
‘predicted R2’ which provides a more severe test of the model adequacy than only 
R2, as R2 suffers from the following additional key limitations (Frost, 2013) 
(i) R2 value increases with the addition of variables despite the 
significance/insignificance of the added variables (as the degrees of freedom 
reduce with increase of variables), and  
(ii) If a model has too many predictors and higher order polynomials, it begins to 
model the random noise in the data. This condition is known as overfitting the 
model and produces misleadingly high R-squared values and a lessened ability to 
make predictions. 
The adjusted R2 is a modified version of R2 that has been adjusted for the number 
of variables in the model. The adjusted R2 increases only if the new term 
improves the model more than would be expected by chance. It decreases when 
an independent variable improves the model by less than expected by chance. 
Predicted R2 systematically removes each observation from the data set, 
estimating the regression equation, and determining how well the model predicts 
the removed observation. 
Optimized values of four independent variables ((i) pulp density of ESM, (ii) 
dissolved oxygen, (iii) pH and (iv) glycine concentration) for maximum gold 
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recovery was determined using numerical optimization package of ‘Design 
Expert’ software 9.0.3 (State-Ease Inc. Minneapolis, USA). 
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Table 7.4: Analysis of Variance (ANOVA) for the RSM model 






F value p-value 





Model 697.64 7 99.66 118.44 < 0.0001 significant 
B-Dissolved 
oxygen 
28.08 1 28.08 33.37 < 0.0001  
C-pH 438.62 1 438.62 521.24 < 0.0001  
D-Glycine 3.68 1 3.68 4.38 0.0482  
BC 4.41 1 4.41 5.24 0.0320  
B^2 40.95 1 40.95 48.66 < 0.0001  
C^2 197.64 1 197.64 234.87 < 0.0001  
D^2 16.57 1 16.57 19.69 0.0002  
Residual 18.51 22 0.84    
Lack of Fit 13.12 17 0.77 0.72 0.7254 not 
significant 




Model 1548.33 8 193.54 67.59 < 0.0001 significant 
B-Dissolved 
oxygen 
250.26 1 250.26 87.40 < 0.0001  
C-pH 834.26 1 834.26 291.34 < 0.0001  
D-Glycine 54.90 1 54.90 19.17 0.0003  
BC 97.52 1 97.52 34.05 < 0.0001  
CD 13.88 1 13.88 4.85 0.0390  
B^2 167.46 1 167.46 58.48 < 0.0001  
C^2 22.28 1 22.28 7.78 0.0110  
D^2 104.63 1 104.63 36.54 < 0.0001  
Residual 60.13 21 2.86    
Lack of Fit 34.88 16 2.18 0.43 0.9082 not 
significant 




Model 857.95 9 95.33 109.32 < 0.0001 significant 
A-Pulp 
density 
568.43 1 568.43 651.83 < 0.0001  
B-Dissolved 
oxygen 
6.83 1 6.83 7.83 0.0111  
C-pH 124.22 1 124.22 142.44 < 0.0001  
D-Glycine 14.73 1 14.73 16.89 0.0005  
AC 45.56 1 45.56 52.25 < 0.0001  
AD 3.80 1 3.80 4.36 0.0498  
A^2 39.60 1 39.60 45.41 < 0.0001  
B^2 21.35 1 21.35 24.48 < 0.0001  
D^2 22.59 1 22.59 25.90 < 0.0001  
Residual 17.44 20 0.87    
Lack of Fit 11.73 15 0.78 0.68 0.7401 not 
significant 
Pure Error 5.71 5 1.14    
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7.2 Bacteria concentration model 
The following response surface quadratic model for bacterial concentration prior 
to ESM addition was obtained from the data of 30 batch runs.  
Bacterial concentration (log CFU/ml) = 13.14 - 1.08*B - 4.27*C - 0.39*D + 
0.53*BC - 1.21*B2 - 2.66*C2 - 0.77*D2                                                 (7.4) 
Equation 7.4 shows that the linear terms of DO, pH and glycine (B, C, D), 
interaction term of the dissolved oxygen and pH (BC), and the quadratic terms of 
DO, pH and glycine (B2, C2, D2) exhibit significant effects (p < 0.05). As ESM 
was added to the bacterial cultures only when the cultures have reached 
significant amounts of cell density and bacterial cyanide production has reached 
its peak (two-step bioleaching), the pulp density term was absent from the 
bacteria concentration empirical model.  
All the three factors, namely DO, pH and glycine exerted negative effect on 
bacterial production. pH (with a coefficient of - 4.27) showed the largest effect 
and higher pH inhibited bacterial growth (as discussed in Section 2.5.1.2) as 
expected. Negative manifestations of linear effects of DO and glycine however 
were unexpected. In case of high concentrations of DO, bacterial cells are likely 
to be damaged because of shear stress at high stirrer speeds and air flow rate 
resulting in lower bacterial concentration at the time of ESM addition (Xu & 
Ting, 2004). It has been reported that glycine beyond certain concentration 
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inhibits the synthesis of peptidoglycan component of bacterial cell wall (Hammes 
et al. 1973; Minami et al. 2004). Figure 7.1 shows the main effect of independent 
variables on bacterial growth when considered alone (when other variables are at 
center points) and Figure 7.2 shows the significant interaction effect between DO 
and pH.  In this model, only the interaction between DO and pH is significant (p < 
0.05). The other interactions effects are insignificant (p> 0.05) and thus excluded  
from the model.  
Design-Expert® Software
Factor Coding: Actual
Bacterial concentration (log (CFU/ml))
X1 = B: Dissolved oxygen
Actual Factors
A: Pulp density = 1.5
C: pH = 8
D: Glycine = 10
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From the interaction contour plot (banded) of pH and DO (Figure 7.2), it can be 
seen that the lines are not parallel indicating interaction effect. At high pH (i.e pH 
10) when bacterial cells are killed, it can be seen that dissolved oxygen no impact 
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Figure 7.1: Main effects of a) DO b) pH c) Glycine on bacterial concentration at the 
time of ESM addition 
*The other 2 factors are at center points in each graph 
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Figure 7.2: Interaction effects of DO and pH (bacterial concentration model) 
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on the bacterial growth. In other words, the effect of DO on bacterial growth 
varies according to the pH levels.  
The relatively high values of R2 (0.9741) and adjusted R2 (0.9659) of the response 
surface model indicate that the model considers only the significant terms and so 
a good agreement between the experimental and the predicted responses. The 
predicted R2 (0.9236) is in reasonable agreement with the adjusted R2 indicating 
the adequacy of the model. The ANOVA for regression model for gold recovery 
is given in Table 7.4. The p value (<0.0001) and high Fischer variance value (F-
value) (118.44) for the quadratic model implies this model was significant. There 
is only a 0.01% chance that a ‘Model F-value’ this large could occur due to noise. 
The lack of fit tests compares the residual error to the pure error from replicated 
design points (centre points). The lack of fit F-value of 0.7254 (p value = 72.5%) 
for gold recovery implies it is not significant relative to the pure error. An 
insignificant lack of fit indicated that the model fits the data. 
Figure 7.3 (a) shows the normal plot for residuals for bacterial growth to assess if 
the observed variations are normally distributed. The data shows a straight line in 
the plot of the residuals, which represents a normal distribution and thus supports 
the adequacy of the least squares fit. A model fits the data well if the differences 
between the observed values and the model's predicted values are small and 
unbiased. Figure 7.3 (b) shows a strong correlation between the predicted and 
actual bacterial concentration which indicates the significance of the model within 
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the experimental window.  The residual plot in Fig 7.3 (c) shows equal scatter of 
the residual data below and above the x axis indicating that the observed error 
(residuals) was random and unpredictable and does not contain any 


















Figure 7.3: a) Normal plot of residuals b) Actual vs predicted values c) Residual 
plot for bacterial concentration model  
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7.3 Cyanide production model 
The data from 30 batch runs were analysed and the following response surface 
quadratic model for cyanide concentration at the time of ESM addition was 
obtained: 
Cyanide production (ppm) = 21.61 - 3.23*B + 5.90*C - 1.51*D - 2.47*BC -
0.93*CD - 2.45*B2 + 0.89*C2 - 1.93*D2                                            (7.5)                       
Equation 7.5 shows that the linear terms of DO, pH and glycine (B, C, D), 
interaction term of dissolved oxygen and pH (BC) and pH and glycine (AD) and 
the quadratic terms of DO, pH and glycine (B2, C2, D2) exhibit significant effects 
(p < 0.05). As ESM was added to the bacterial cultures only after the cultures 
have reached significant cell density and bacterial cyanide production has reached 
its peak (two-step bioleaching), the pulp density term was absent from the cyanide 
concentration empirical model. 
Based on the empirical model (Equation 7.5), dissolved oxygen and glycine 
concentration exerted negative linear effects while pH exerted a positive linear 
effect on cyanide production. Although higher pH was inhibitory to bacterial 
growth (with a coefficient of - 4.27 as discussed in the bacterial concentration 
model), it is manifested as a positive effect (+ 5.90) for cyanide concentration. In 
all experimental runs, pH was varied and maintained at the early stationary phase 
when maximum cell density was reached (as discussed in Section 7.1.2). At low 
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pH, the equilibrium shifts to form more hydrogen cyanide which is volatile and 
has a low solubility in water. At higher pH, the equilibrium shifts in favour of 
cyanide ions thereby increasing the availability of cyanide for gold bioleaching. 
However, cyanide production during the course of bioleaching is affected at 
higher pH as bacterial cells are unable to tolerate higher pH. Since higher levels 
of DO and glycine affect bacterial growth (as discussed in the previous section), it 
is likewise exhibited a negative effect on cyanide production as well. However, at 
lower (optimum) concentration, glycine acts as precursor to cyanide formation as 
discussed in Section 2.5.1.4. 
Figure 7.4 shows the main effect of independent variables on cyanide production 
(when other variables are at center points) and Figure 7.5 shows the significant 
interaction effects between DO & pH and pH & glycine. In the case of high 
concentrations of DO, in addition to bacterial death by shear stress leading to 
reduced cyanide levels, it is possible that elevated levels of dissolved oxygen 
levels could lead to the destruction of cyanide synthase which is responsible for 
converting glycine into cyanide. It has been shown that the yield of cyanide is 
related to oxygen concentration in the medium, and the reduction of aeration 
caused a rapid increase in the ability to produce hydrogen cyanide in batch 
cultures of Pseudomonas aeruginosa (Castric, 1994). It is postulated that high 
oxygen concentration destabilizes the synthase leading to its self-destruction 
(Knowles & Bunch, 1986). 
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 Figure 7.4: Main effects of a) DO b) pH c) Glycine on cyanide production at the time 
of ESM addition 
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From the interaction contour plots (banded) of pH and DO, and pH and glycine 
(Figure 7.5), it can be seen that the lines are not parallel indicating interaction 
effect. At higher DO levels, as the cell growth declines (due to shearing effect at 
higher stirrer speed as discussed in bacteria concentration model), cyanide 
production also declines. As a result, pH has less effect on cyanide concentration 
at high DO concentration (Figure 7.5a). The model also revealed significant 
interaction between pH and glycine depicted in Figure 7.5b. As high 
concentration of glycine is detrimental to the growth of bacteria, less cyanide is 
produced at higher concentrations of glycine. Thus the effect of pH on improving 
cyanide ion concentration is reduced at high concentration of glycine.  
The surface response quadratic model using the CCD to establish the relationship 
between the variables and cyanide production is given in the Table 7.3. The 
regression coefficients, R2, adjusted R2 and predicted R2 for the model are 0.9626, 
0.9484 and 0.9034 respectively. The high values of R2 (close to unity) indicate 
that the cyanide production can be predicted with the model suggested. Further, 
close agreement within these values also indicates the accuracy of the predictive 
model. 
The ANOVA for regression model for cyanide production is given in table 7.4. 
The p value (<0.0001) and high Fischer variance value (F-value) (67.59) for the 
quadratic model implies this model was significant. There is only a 0.01% chance 
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that a ‘Model F-value’ this large could occur due to noise. The lack of fit tests 
compares the residual error to the pure error from replicated design points (centre 
points). The lack of fit F-value of 0.9082 (90.82%) for cyanide production implies 






X1 = B: Dissolved oxygen
X2 = C: pH
Actual Factors
A: Pulp density = 1.5
D: Glycine = 10


























X1 = D: Glycine
X2 = C: pH
Actual Factors
A: Pulp density = 1.5
B: Dissolved oxygen = 30



















Figure 7.5: Interaction effects of a) DO and pH, b) pH and glycine (Cyanide 
production model) 
*Glycine and DO are at center point for a) and b) respectively. The other 
interactions effects are insignificant (p> 0.05) and thus excluded. 
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The ‘normal probability plot’ (Figure 7.6 (a)), ‘Actual vs Predicted cyanide 
production plot’ (Figure 7.6 (b)) and ‘residual plot’ (Figure 7.6 (c)) for cyanide 
concentration model are similar to the profiles of bacterial concentration and 
support the assumption of normal and random distribution of the model and 














Figure 7.6: a) Normal plot of residuals b) Actual vs predicted values c) Residual plot 
for cyanide production model 
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7.4 Gold recovery model 
The effect of independent variables (pulp density of ESM, dissolved oxygen, pH 
and glycine concentration) on gold bioleaching was investigated using the 
experimental design, and the results were given in the Table 7.2. The highest gold 
recovery (24.8%) was obtained at the lowest pulp density of 0.5% w/v after eight 
days in two-step bioleaching and when all the other variables were at the centre 
points. However the lowest gold recovery did not occur at the highest pulp density 
of 2.5% w/v which shows the significance of other variables and interaction terms 
besides pulp density.  
The response surface quadratic model using the CCD depicting the relationship 
between the coded variables and gold recovery was given in the Table 7.3. The 
quadratic polynomial equation obtained from CCD with significant effects on 
gold recovery is restated below. (The coefficients with p value less than 0.05 are 
considered as significant effects) 
Gold recovery (%) = 9.02 - 4.87*A - 0.53*B + 2.28*C - 0.78*D - 1.69*AC + 
0.49*AD + 1.19*A2 - 0.87*B2 - 0.90*D2                                               (7.6)                                        
Based on Equation 7.6, it was found that the linear terms of all the variables 
(A,B,C,D), interaction terms of pulp density and pH (AC), and between pulp 
density and glycine (AD), and all the quadratic terms except pH (A2,B2 and D2) 
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were significant (p<0.05). The other interactions effects are considered 
insignificant (p>0.05) and are thus excluded from the model. 
Based on this empirical model (Equation 7.6), only pH (C) exerted positive linear 
effects on gold recovery and the remaining three factors exerted negative effects. 
The factor with largest effect was pulp density followed by pH. The negative 
effect of pulp density was expected since higher pulp density results in higher 
toxicity from the metals within the ESM and its inhibitive effects on bacterial 
growth and cyanide production (as discussed in previous chapters). Optimization 
studies of bioleaching from other metal bearing solid wastes such as spent catalyst 
and fly ash have also shown pulp density to be a significant factor affecting metal 
recovery (Amiri et al. 2011; Xiang et al. 2010).  The positive effect of pH was 
also expected as increase in pH increases the availability of cyanide ions for gold 
bioleaching. From optimization experiments (Section 7.5), it can be seen that 
maximum gold recovery was achieved at 0.5% w/v pulp density (A), 27% DO 
(B), pH of 10 (C) and 8 g/L glycine. As the optimised DO and glycine 
concentrations are at lower levels from their centre points, this is manifested as 
negative terms in the regression equation. As high concentrations of DO and 
glycine show negative effects on bacterial growth and cyanide production (as 
discussed in previous sections), it exhibits a negative effect on gold recovery as 
well. Figure 7.7 shows the main effect of independent variables on gold recovery 
when considered alone (when other variables are at center points). 
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Figure 7.7: Main effects of a) Pulp density b) DO c) pH d) Glycine on gold recovery 
in two-step bioleaching 
*The other 3 factors are at center points in each graph 
 
The empirical model also revealed significant interaction between pulp density & 
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Figure 7.8. As the only source of gold in the process comes from ESM, it 
significantly influences how pH and glycine affect gold recovery. At low pulp  
densities when cells are able to tolerate the toxicity of bacteria, there is continuous 
cyanide production during the course of bioleaching. Hence, pH and glycine have 
a significant impact on gold recovery at low pulp densities as seen from Figure 
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Figure 7.8: Interaction effects of a) Pulp density and pH, b) Pulp density and 
glycine (gold recovery model) 
*Glycine and DO are at center point for a) and DO and pH are at center point 
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To visualise the relationship between gold recovery and all 4 independent 
variables, 2D graduated contour plots were constructed (Figure 7.9). It is evident 
that the maximum recovery was obtained at extreme levels of pulp density (i.e. 
the lowest level) and pH (i.e. the highest level).   
The level of fit of the model with R2=0.9801 indicates that 98% of the variability 
in response could be explained by the model. The high value of adjusted R2 of 
0.9711 further supported the accuracy of the model. The predicted R2 of 0.9523 is 
in reasonable agreement with adjusted R2 (0.9711). The ANOVA for regression 
model for gold recovery is given in Table 7.4. The p value (<0.0001) and high 
Fischer variance value (F-value) (109.32) for the quadratic model implies this 
model was significant. There is only a 0.01% chance that a ‘Model F-value’ this 
large could occur due to noise. The lack of fit tests compares the residual error to 
the pure error from replicated design points (centre points). The lack of fit F-value 
of 0.68 (p value = 74%) for gold recovery implies it is not significant relative to 
the pure error. An insignificant lack of fit indicated that the model fits the data. 
The ‘normal probability plot’ (Figure 7.10 (a)), ‘Actual vs Predicted cyanide 
production plot’ (Figure 7.10 (b)) and ‘residual plot’ (Figure 7.10 (c)) for gold 
recovery model are similar to the profiles of bacterial and cyanide concentration 
and support the assumption of normal and random distribution of the model and 
satisfy adequacy of least squares fit. 
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Figure 7.9: 2D contour plots (graduated) of the empirical model for gold recovery. 
From left to right: pH varies from 6 (-2) to 10 (+2). From top to bottom: pulp 
density varies from 0.5% w/v (-2) to 2.5% w/v (+2) 




Figure 7.10: a) Normal plot of residuals b) Actual vs predicted values                    
c) Residual plot for gold recovery model 
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7.5 Optimization of gold recovery in two-step bioleaching and spent 
medium leaching 
Bioleaching was performed with two replicates using the optimal conditions for 
gold bioleaching and the results (response) were compared with that predicted by 
the model to verify the validity of the surface response model developed. 
Statistical analysis of the experimental design, development of regression 
equations in the CCD and numerical optimisation was carried out using the 
Design Expert software version 9.0.3 (State-Ease Inc. Minneapolis, USA). 
Based  on the numerical optimization  condition selected (Range: pulp density  - 
0.5% to 2.5% w/v, DO - 10% to 50% saturation, pH - 6 to 10, and glycine - 6 to 
14 g/L), the maximum gold recovery predicted was 35.75%. Optimum conditions 
for maxmising gold recovery are pulp density - 0.5 w/v, DO - 27%, pH - 10 and 
glycine – 8 g/L. Results from the two replicates under the optimized conditions, 
produced an average of 36.5% gold recovery which is in close agreement with the 
predicted value. The cyanide concentration at these optimized values was 40 ppm. 
The 3D response surface at optimised condition for gold recovery is shown 








Figure 7.11: 3D response surface curve for gold recovery under optimized 
conditions 
Since spent medium bioleaching yielded a higher recovery than two-step 
bioleaching in shake flask experiments (see Chapter 5), an experiment was also 
run to determine the bioleaching efficieny of spent medium leaching under the 
optimised conditions in the bioreactor. Spent medium leaching was carried out in 
the bioreactor with pBAD grown at physiological pH, and when peak cyanide 
production was reached, the cells were filtered and the spent medium was used for 
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spent medium leaching under optimised conditions in bioreactor. The reasons for 
better performance in spent medium leaching compared to two-step bioleaching in 
bioreactor are postulated to be similar to those discussed in section 5.4 for shake 
flask experiments. A comparison with results of gold recovery from previous 
approaches of spent medium leaching (Chapter 5) shows that spent medium 
leaching (with pBAD) under optimized conditions in bioreactor resulted in 39.6% 
recovery compared to 18% recovery (when cells were grown in physiological pH 
of 7-7.5) and 30% recovery at pH 10 with wild strain in shake flask. 
7.6 Strengths and limitations of the CCD model 
The choice of which design is best depends on the tradeoff between economy and 
ability to assess the fitted surface. CCDs are very efficient, providing much 
information on experiment variable effects and overall experimental error in a 
minimum number of required runs. The extension of axial points (±α) beyond the 
factorial design points when using rotatable CCDs requires operating the process 
at five level settings of each variable, compared to three level settings of the face-
centered CCD. However this additional complexity is offset by reduced prediction 
error and improved estimation of the quadratic (curvature) effect. Unless any 
unexpected changes in the behavior of the system outside the ranges occur, the 
proposed model would still be valid outside the experimental range. As the ranges 
(levels) for experimental design were selected carefully for distribution of points 
throughout the region of interest, the model provides a suitable approximation of 
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the true relationship between the independent variables and response and hence 
any unexpected changes in the behavior of factors to responses are unlikely. 
In RSM, the experimental responses in the design of experiments (DOEs) are 
fitted to a quadratic function (specified fitting function) and cannot approximate 
all non-linear functions. This can reduce the fit of the experimental data to the 
model (i.e. decrease the R2 value). The use of Artificial Neural Network 
(discussed in Section 8.2) may overcome this limitation of RSM.  
7.7 Summary 
Central composite design and surface response methodology were employed to 
optimize the bioleaching process in bioreactor following two-step bioleaching. 
The effect of four factors (independent variables) – pulp density, DO, pH and 
glycine on bacterial concentration, cyanide production and gold recovery 
(responses) were investigated. Three response surface empirical models were 
developed through Taylor series approximation to correlate the variables with the 
responses and to provide an insight into the interaction amongst these factors 
during bioleaching. Equations 7.4, 7.5 and 7.6 are the quadratic polynomial 
models for bacterial concentration, cyanide production and gold recovery 
respectively. ANOVA of the models (Table 7.4) developed indicated the 
statistical significance of the model for prediction of each response. Gold 
recovery was significantly influenced by all four factors with pulp density being 
the most significant factor followed by pH. Process optimization was conducted 
Chapter 7                                                 Scale-up and Optimization 
149 
 
to maximize gold recovery efficiency. Optimum conditions for maxmising gold 
recovery are: Pulp density - 0.5 w/v, DO - 27%, pH - 10 and Glycine – 8 g/L.  
The highest gold recovery obtained under these optimized conditions was 36.5% 
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CHAPTER 8: CONCLUSIONS AND 
RECOMMENDATIONS 
8.1 Conclusion 
Electronic waste is growing at an alarming rate due to technological advancement 
and the relatively shorter life span of electronic goods. While toxic metals such as 
lead and cadmium present in electronic scrap render it a hazardous waste, 
precious metals such as gold act as a major economic driving force for recovery 
of metals from electronic waste. Indeed, these solid wastes may be considered as 
‘artificial ores’ and can serve as secondary raw materials and reduce the demand 
for primary mineral resources. With increasing focus on environmentally friendly 
and sustainable processes, bioleaching is proving to be a clean and green 
technology for metal extraction over conventional pyrometallurgical and 
hydrometallurgical methods. 
In this work, gold bioleaching and recovery from ESM was investigated using C. 
violaceum which is known to produce cyanide (as a secondary metabolite) which 
is the lixiviant in gold leaching. Nitric acid pretreatment of ESM reduced the 
competition for cyanide ion from base metals (mainly copper) for metal-cyanide 
complexation. Three approaches were identified to increase the concentration of 
cyanide ions which complexes with gold from electronic scrap. Finally, important 
Chapter 8                                  Conclusions and Recommendations 
151 
 
factors affecting gold biocyanidation were optimized following central composite 
design and scale up studies were performed in bioreactor. 
In the first approach, mutations were induced in wild C. violaceum to enable 
growth and cyanide production by the bacteria under alkaline pH. As the pKa of 
HCN is 9.3, bioleaching performed under alkaline conditions with mutated 
bacteria increased availability of CN- for gold dissolution. Results showed that 
bioleaching with C. violaceum mutated to grow at pH 9.5 resulted in higher gold 
recovery (at 22.5%) compared to the unadapted strain (11.3%) and mutated 
strains at pH 9 (18%) and pH 10 (19%) at 0.5% w/v pulp density. Increase in pulp 
density decreased gold recovery due to the higher metal concentration and 
toxicity of ESM and its inhibitive effects on bacterial growth and cyanide 
production. The use of chemical mutants for selection of bacteria to perform 
bioleaching in unfavorable conditions for cell growth was tested for the first time 
in this study. 
In the second approach, performance of spent medium leaching where bacterial 
growth/cyanide production was decoupled from gold complexation was 
examined. Results showed that spent medium from the wild strain resulted in a 
higher gold recovery of 18% compared to 11.3% using two-step bioleaching. The 
recovery was further increased to 30% by taking advantage of this decoupled 
process through adding base to the spent media (pH=10).  
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In the third approach, HCN production was increased by using metabolically 
engineered strains (pBAD and pTAC) for bioleaching. Decoupling of 
cyanogenesis from quorum control resulted in a significant increase in cyanide 
production, and correspondingly, an increase in gold and copper recovery from 
electronic waste. The pBAD strain produced the highest cyanide concentration, 
and achieved the highest gold recovery of 30% followed by pTAC with 24.6% at 
0.5% w/v pulp density compared to 11.3% recovery by the wild type bacteria at 
0.5% w/v pulp density. This study is the first demonstration of use of genetic 
engineering for construction of bacteria for enhanced bioleaching. 
Finally, the gold bioleaching process was scaled-up (100 ml to 1 L working 
volume). Gold recovery from ESM was enhanced by pBAD strain (the most 
effective strain selected from shake flask study) through the collective 
optimization of significant factors (pulp density of ESM, dissolved oxygen (DO), 
pH and glycine concentration) using statistical design of experiments in the 
bioreactor. The result from the optimization study showed that of the four factors 
examined, pulp density and pH were more important than DO and glycine. The 
optimum conditions identified for maximising gold recovery were: Pulp density - 
0.5 w/v, DO - 27%, pH - 10 and Glycine – 8 g/L. The optimized values were 
obtained by maximizing the empirical model (objective function) for gold 
recovery and the highest recovery obtained under these optimized conditions was 
36.5% in two-step bioleaching and 39.6% in spent medium leaching. This is the 
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first time that an optimization study was conducted on gold bioleaching from 
ESM. Figure 8.1 presents a summary of the gold recovery obtained with different 








Gold recovery at 0.5% w/v pulp density
Figure 8.1: Summary of gold recovery (0.5% w/v pulp density of ESM) obtained by 
different approaches 
*The values reported in the figure are the gold recoveries obtained after 8 days in case of bioleaching of wild original ESM 
and pre-treated ESM with wild strain and bioleaching of pretreated ESM with mutated strains (Mutation approach) and 
genetically engineered strains (Genetic engineering approach). In case of bioreactor studies, the values reported here are 
gold recoveries at the end of bioleaching (Day 8) under optimised conditions in two-step and spent media leaching. In case 
of spent medium leaching (leaching without change in pH and leaching at pH 10 in shake-flask experiments and bioreactor 
spent medium studies), the recoveries remained constant beyond Day 1. 
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bioleaching and spent medium leaching under optimized conditions in bioreactor 
resulted in highest gold recovery of 36.5% and 39.6% respectively. 
8.2 Recommendations 
We have investigated gold dissolution from electronic waste and its transfer to the 
leachate. Work should be expended to close the loop and recover gold from the 
leachate. It has recently been reported that the gold-resistant bacterium Delftia 
acidovorans produces a secondary metabolite that protects it from the toxic effect 
of gold (Amiri et al. 2011). The possibility of introduction of the metallophore 
system of D. acidovorans to the cyanogenic system in C. violaceum should be 
explored.  The objective is the construction of an enhanced strain that is capable 
of secreting HCN lixiviant to bioleach gold in the Au3+-form, and the delftibactin 
metallophore that will reductively convert gold from the ionic Au3+-form to Au 
precipitates. In essence, a bioreactor with the proposed strain will be able to 
bioleach gold from electronic waste into purified gold nuggets, obviating the need 
for combining acid leaching with electrolysis for gold recovery from electronic 
waste or the use of expensive ion-exchange resins (as is the industry). 
The point at which cyanide concentration is maximum in the culture is coincident 
with the time of minimum oxygen concentration in the medium (Knowles & 
Bunch, 1986). The elevated levels of dissolved oxygen levels (during the late 
stationary phase due to a decrease in the rate of respiration) supposedly leads to 
the destruction of cyanide synthase which is responsible for converting glycine 
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into cyanide. Hence, imposition of anaerobic conditions at this time could prevent 
the loss of cyanide synthase activity. This can help the cyanide production to 
possibly persist beyond the stationary phase thereby improving metal recovery 
yields. Moreover, as seen from Section 2.4.1, β-cyanoalanine synthase is 
responsible for catalyzing the conversion of cyanide into its derivative β-
cyanoalanine. Hence, work could be done to explore the sensitivity of the 
‘cyanide synthase’ system, artificially prolong the ‘cyanide synthase’ system and 
inhibit the pathways which degrade cyanide (by irreversible competitive 
inhibition) so that cyanide production could probably persist beyond the 
stationary phase. 
The use of an artificial neural network (ANN) for optimization of bioleaching 
process (as an alternative to statistically designed experiments using RSM) can be 
explored as the complexity of biological system increases in a scaled up process. 
An ANN is an information or signal processing system composed of a large 
number of simple processing elements, called artificial neurons or simply nodes, 
which are interconnected by direct links called connections and which cooperate 
to perform parallel distributed processing in order to solve a desired 
computational task. The key advantages of ANN are: i) ANN does not require 
prior specification of the suitable fitting function and ii) ANN can successful 
approximate any kind of polynomial non-linear function, whereas RSM only 
works for quadratic approximations. In ANN, operating parameters are defined as 
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inputs, the experimental response as targets and the output is predicted response. 
After specifying the input and target, the network is trained to minimise the error 
and bring the entire network close to desired output result. ANN can be used to 
predict the bacterial concentration, cyanide production and metal recovery model 
more efficiently by better approximation, thereby helping in more accurate 
location of the optimal condition given the desired target levels and any 
constraints on the input. Further, kinetic models for bacterial growth, metabolite 
production and metal recovery must be developed for better design, operation, 
optimization and control of gold bioleaching process by C. violaceum. 
It is recognized that one of the major limitations of bioleaching is slow kinetics. 
The use of ultrasonic technique (sonobioleaching) for improving metal recovery 
rates in bioleaching should be considered. It has been shown that low power 
ultrasound has the ability to accelerate the rate of bioleaching by speeding up 
bacterial growth and metabolite production for recovery of nickel from lean grade 
ores (Swamy et al. 2005). Moreover, at the bioreactor scale, application of 
ultrasound may also overcome the limitation of poor air distribution by providing 
a more uniform dispersion. The role of ultrasound in improving the kinetics of 
gold bioleaching needs to be studied. 
In advancing biohydrometallurgy for metal recovery from electronic waste, it is 
necessary to understand how the various components in the system interact with 
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each other to bring about bioleach process. As the rate of e-waste generation is 
continuously increasing, the success of biological processing of wastes depends 
on the speed of integration of the developments in microbiological and 
hydrometallurical engineering into a single system. Stringent government 
regulations and research policies that favor “green” technologies could be key 
incentives for developing such processes. Electronic waste can serve as secondary 
raw materials and hence reduce the demand for primary mineral resources. With 
increasing concern over the environmental impact of solid waste (such as fly ash, 
spent catalyst and e-waste) disposal as the driving force, as well as recognizing 
the need for resource conservation in the modern era of environmental 
sustainability, industry is likely to consider adopting bioleaching of solid waste 
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A.1 Calculation of elemental metal compositions of ESM 
Mass of metal dissolved in acid digestion is calculated as follow: 
𝑚 = 𝑐 (𝑚𝑔/𝑙) ×
𝑣 (𝑚𝑙)
1000 (𝑚𝑙/𝑙)
      (A.1) 
    




 (𝑚𝑔/𝑔)      (A.2) 
 
where  m: mass of metal dissolved in acid digestion, mg 
            v: volume of acid used in acid digestion, ml 
            c: concentration of metal analyzed by ICP-MS, mg/l 






A.2 Calculation of metal Recovery 
Assuming that 100% metal recovery is attained when the amount of metals 
leached equals to the amount of metals extracted by acid digestion. 
 






× 100 %    (A.3) 
 
where  c: concentration of metal analyzed by ICP-MS during bioleaching, mg/l 
            p: pulp density of ESM in culture, g/l 





A.3 Toxicity Characteristic Leaching Procedure (TCLP) test 
The Toxicity Characteristic Leaching Procedure (TCLP) test was conducted for 
the ESM according to US EPA SW 846 Method 1311 and the metal 
concentrations in the TCLP extracts were compared with regulatory levels. 
Preparation of Extraction Fluids 
Extraction fluid #1 was prepared by adding 5.7ml of glacial acetic acid to 500ml 
of ultrapure water. 64.3ml of 1M NaOH was then added and the solution was 
diluted using ultrapure water to a volume of 1 liter. The pH of the fluid should be 
4.93 ± 0.05. Extraction fluid #2 was prepared by diluting 5.7ml of glacial acetic 
acid with ultrapure water to a volume of 1 liter. The pH of the fluid should be 
2.88 ± 0.05. The extraction fluids were monitored frequently for impurities. The 
pH was checked prior to use to ensure that these fluids were made up accurately. 
If impurities were found or the pH was not within the above specifications, the 
fluid would be discarded and prepared again. 
Determination of Extraction Fluids 
5.00g of ESM was added to 96.5ml of ultrapure water and mixed with a magnetic 
stirrer for 5 minutes. The pH was then measured and recorded. If the pH was less 
than 5.0, extraction fluid #1 was used. If the pH was more than 5.0, 3.5ml of 1M 




cooled to room temperature and the pH was measured. If the new pH was less 
than 5.0, extraction fluid #1 was used. If the new pH was more than 5.0, 
extraction fluid #2 was used.  
Extraction Procedure 
5.00g of ESM was added to 100ml of the appropriate extraction fluid. The 
mixture bottle was securely fixed onto the rotary agitation device (Stuart 
Scientific Rotator Drive STR4) and rotated at 30 ± 2 rpm for 18 ± 2 hours. 
Ambient temperature was maintained at 23 ± 2°C during the extraction period. 
The mixture was then filtered using a syringe filter and the TCLP extract was 
collected. The extract was acidified with concentrated nitric acid to a final pH of 
less than 2.0 and stored at 4°C for analysis. Metal concentrations in the TCLP 
extract were compared to regulatory levels of US EPA and NEA and the toxicity 




A.4 Schematic of CCD for a) 2 factors b) 3 factors  
 
If we have k factors, then we have, 2k factorial points, 2*k axial points 




 k=2 k=3 k=4 k=5 
Factorial points- 
2k 
4 8 16 32 
Axial or star 
points- 2*k 
4 6 8 10 
Center points- nc 
(varies) 
5 5 6 6 
Total 13 19 30 48 
 
The factorial points are at corners of square or cube for 2 and 3 factors 
respectively. The axial points or star points are at a distance of ±α from the center 
and is used to estimate curvature and center points are added to get an estimation 
of pure error. 
a) b) 
